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ABSTRACT 
 
Droplet-based microfluidic systems have recently been developed to overcome the problems 
of slow mixing and dispersion associated with traditional microfluidic systems. By utilising 
flow instabilities between two immiscible phases, droplets can be generated using normal 
microfluidic formats. Further, aqueous solutions can be confined and mixed within droplets, 
resulting in rapid homogenisation and no dispersion. Accordingly, droplet-based microfluidic 
systems have been utilised in various applications in a high-throughput manner. However, the 
techniques and methods for droplet formation, manipulation and detection have been 
continuously studied and improved upon to develop, prepare, manipulate and implement 
droplet systems for real-world applications. Since droplets can be controllably produced with 
variable reagent compositions at high generation frequencies (1 kHz or above), on-line 
detection and characterisation of every high-speed droplet is one of the most important 
challenges associated with droplet analysis. The ability to extract information from each 
droplet microreactor is crucial for applications in high-throughput analysis and screening. An 
appropriate detection technique able to extract the vast amount of information produced in 
such systems is key in unlocking the full capabilities of droplet-based.  
 
In this work, a custom built confocal spectroscopic system was coupled with a droplet-based 
microfluidic system to conduct high-sensitivity and high-throughput biological experiments. 
The integration of a confocal system allows for online characterisation of individual droplets 
in terms of their size, formation frequency, fluorescence intensity and population. The 
combination of a droplet-based microfluidic system and the confocal detection setup has been 
successfully used to demonstrate a few high-throughput chemical and biological applications. 
For example, the droplet system was utilised to demonstrate high-throughput single cell 
encapsulation, characterisation and quantification for the first time. In addition, high-
throughput binding assays and kinetic measurements using a well-known streptavidin-biotin 
binding model and a protein-protein interaction were performed. Furthermore, a novel 
approach for fluorescence lifetime imaging (FLIM) was developed and used to analyse 
mixing patterns within droplets. Specifically, data from FLIM measurements were extracted 
to determine spatially localised fluorescence lifetimes within droplets and thus a two-
dimensional map of droplet mixing. Finally, the droplet-based microfluidic approach was 
exploited to perform biological analysis at the single molecule level.  
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 2 
1.1 DROPLET MICROFLUIDICS 
 
1.1.1 A State-of-the-Art Microfluidic System 
 
Since microfluidic systems were first introduced into scientific research two decades ago1, the 
technology has grown rapidly and has been widely exploited for various applications2,3 in 
biochemical analysis4, chemical synthesis4 and pharmaceutical sciences5-7. This exploitation 
has been due to the outstanding advantages engendered by miniaturisation. These include 
small sample volumes, improved analytical performance, low cost, portability, the potential 
for parallel analysis and short analysis times. Due to the extremely small volumes (picolitres 
to nanolitres) associated with microfluidic systems, laminar flow is usually established. 
Consequently, mixing of fluidic streams inside a micron sized channel can only occur by 
diffusion. This leads to slow mixing and dispersion of samples in microfluidic channels8. 
There have been numerous scientific reports describing new approaches to enhance 
microfluidic mixing9-11. For example, droplet-based microfluidic systems have recently been 
developed to overcome the problems of slow mixing and dispersion associated with 
continuous flow microfluidic systems
12
. Utilising flow instabilities between two immiscible 
phases, droplets can be generated using normal microfluidic formats. Subsequently, aqueous 
solutions can be confined and mixed within droplets, resulting in rapid homogenisation and 
no dispersion. Accordingly, droplet-based microfluidic systems have been utilised to perform 
various applications, especially in a high-throughput manner13,14. 
 
1.1.2 Droplet Formation 
 
Droplets can be generated inside microfluidic channels using two immiscible phases; 
normally aqueous and oil solutions. This process is illustrated in Figure 1.1. Here, the 
aqueous solutions are extruded into the oil stream, which acts as a carrier fluid (or continuous 
phase) and droplets are produced due to the shear force from the carrier flow. The aqueous 
solutions are enveloped and separated by a thin layer of the oil phase. Accordingly, droplets 
localise the aqueous solutions and protect them from dispersion during transportation along 
the channels. Droplets produced from this process are as large as the size of the channels. 
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Figure 1.1 Droplet-based microfluidics. Water-in-oil droplets are generated from oil and aqueous solutions 
using a T-junction microfluidic device having three-aqueous inlets, an oil inlet and an outlet. The 
aqueous flow is pumped into the oil stream and is broken into droplets due to the shear force of 
the oil phase. The winding channel is used to induce rapid mixing within droplets. The channel is 
50 m deep, 50 m wide and 4 cm long, respectively. 
 
 
Droplet formation can be characterised using the Capillary number (Ca), 
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Here  (m s-1) is the flow velocity,  (kg m-1) is the fluid viscosity and  (N m-1) is the surface 
tension at the water/oil interface. Normally, droplets are generated at values of Ca < ~0.115. 
The period, namely the distance between adjacent droplets, and the droplet length are 
independent of both the total flow rate and Ca
15
. However, a factor strongly affecting the 
period and droplet length is the ratio of the volumetric flow rate of aqueous stream (Vw) to the 
volumetric flow rate of the carrier fluid (Vo). This ratio is commonly termed as the water 
fraction (Wf) and is defined as follows;  
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Significantly, the droplet size is directly proportional to Wf, but independent of the total flow 
rate. The higher the Wf, the longer the droplet and inversely the lower the Wf, the shorter the 
droplet. By fixing the aqueous flow, smaller droplets can be obtained by simply increasing the 
oil flow. Conversely, decreasing the oil flow will result in bigger droplets. However, variation 
of the total flow rate whilst maintaining a constant Wf will not change the droplet size. 
 
Droplets produced using the system shown in Figure 1.1 are termed water-in-oil (W/O) or 
aqueous droplets. However, oil-in-water (O/W) or organic droplets can also be produced in a 
similar way. Instead of using an oil phase as a carrier fluid, O/W droplet production is 
performed using an aqueous solution or water as a continuous phase and organic solvents as a 
dispersed phase. This allows for the generation of droplets containing aliphatic and aromatic 
solvents, such as benzene, toluene and hexane16. In addition, water-in-oil-in-water (W/O/W) 
droplets or double emulsions can be generated using a two-step droplet formation process 
involving two consecutive T-junctions17,18.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 Schematic of a microfluidic device for double emulsion droplet generation. Aqueous (W/O) 
droplets are produced at the first T-junction. These W/O droplets are then enclosed by an external 
aqueous phase at the second T-junction to form W/O/W (organic) droplets. Reproduced from 
reference 17. 
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As shown in Figure 1.2, the aqueous (W/O) droplets created upstream at the first junction are 
enclosed by the secondary aqueous phase to form organic droplets at the second junction. In 
addition, flow-focusing devices have been shown to be effective in producing W/O/W, 
O/O/W and O/W/O double19 and multiple emulsions20. These double emulsions could 
potentially be used in applications in food sciences, cosmetics, and pharmaceutics since they 
can store samples and ingredients within inner droplets and also release ingredients from the 
inner droplets to an environment outside the droplets18. Accordingly, many research groups 
have studied the storage and releasing capability of double emulsions18,20,21.  
 
1.1.3 Carrier Fluid 
 
The most important aspect in realising a successful droplet microfluidic system is the choice 
of oil phase carrier fluid. To produce liquid droplets, the carrier fluid must be immiscible with 
the discrete phase. For aqueous droplet formation, fluorocarbons are desirable as carrier fluids 
because they are highly hydrophobic and immiscible with aqueous solutions and some 
organic solvents, compatible with biological molecules22 and do not swell PDMS12 
(polydimethylsiloxane), which is normally used to fabricate microfluidic devices. Normally, 
PDMS swells when contacted by organic solvents, such as toluene and hexane23. Thus, 
fluorocarbons as oil phases are particularly useful for applications in the field of biochemical 
synthesis and analysis. In addition, other oils (e.g. n-hexadecane24, mineral oil25 or soybean 
oil26) have also been successfully used for droplet generation. Unfortunately, due to a higher 
surface tension at the water/oil interface than at the water/PDMS interface, aqueous droplets 
can come into contact with channel walls and cause wetting of PDMS. A surfactant, such as 
1H,1H,2H,2H-perfluorooctanol or Span-80 can be added to the oil in order to reduce the 
surface tension at the water/oil interface15. Hence, droplets generated using a mixture of oil 
and surfactant can be made to be stable and will travel along a microfluidic channel without 
leaving any residual material behind. In addition to stabilising droplet formation, surfactants 
are also crucial for preventing adsorption of samples to the interface and droplet coalescence 
resulting in cross contamination between droplets27. For long term droplet storage, surfactants 
play a crucial role in stabilising droplets and preventing sample evaporation. Recently, 
synthetic fluorosurfactants were successfully developed to meet the stringent requirements for 
droplet formation and manipulation27. Importantly, these surfactants are compatible with 
biological systems. 
 
 
 
Introduction   Chapter I 
 6 
1.1.4 Mixing of Droplet Contents 
 
Mixing in droplets moving along a straight channel is accomplished by recirculation. Inside 
each droplet, two vortices are formed and solutions are mixed only in the left and the right 
halves of the droplet (Figure 1.3a)12,28. The solutions in each droplet half do not cross the 
boundary to mix throughout the droplet, and thus mixing is both slow and inefficient. Indeed, 
this mixing process is similar to mixing by steady flows in a flow cavity12. The steady flow 
inside the droplet recirculates and rotates within only one half during droplet motion along a 
channel. However, rapid and efficient mixing of steady flows inside droplets travelling 
through straight channels can be achieved if the initial pure components are located in the 
back and front halves of the droplet (Figure 1.3b1)15. Now, when the droplet moves, the 
steady flows recirculate within the left and right halves and the components (originally 
located in the front and back of the droplet) are mixed efficiently after several recirculating 
processes. On the other hand, if the pure components are located in the left and right halves of 
the droplet, the steady and recirculating flow within the droplet does not induce efficient 
mixing (Figure 1.3b2). 
 
In practice, mixing inside droplets moving along straight channels can be enhanced by a 
‘twirling’ phenomenon that occurs at the tip of the T-junction due to shear forces between the 
oil and aqueous streams during droplet formation15. When aqueous solutions are injected into 
the oil stream, twirling distributes the solutions into the front and back halves of the droplets 
instead of the left and right halves, which can further accelerate mixing by recirculation 
(Figure 1.3c). Since twirling is induced by the shear force of the oil flow, the degree of 
twirling will depend on the amount of the oil solution pumped into the channel. Accordingly, 
mixing inside small droplets is much more effective than inside large droplets because 
twirling at low oil flow rates is not efficient enough to redistribute the solutions throughout 
the longer droplet. Mixing within large droplets occurs slowly due to diffusion, which is 
similar to mixing associated with laminar flow. However, for very small droplets (formed 
when there is a large difference between the flow rates of the oil and aqueous solutions), 
mixing becomes inefficient due to ‘overtwirling’15, which transfers and localises solutions 
into the left instead of the back half of the droplets. This can be seen for a water fraction of 
0.14 in Figure 1.3c. Therefore, twirling is the most important factor for efficient mixing of 
steady flows inside droplets moving through straight channels. 
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Figure 1.3 (a) Mixing of droplets moving through a straight channel. Within droplets, two vortices are 
formed and solutions are mixed only in the left and right halves and do not cross the boundary, 
resulting in slow and inefficient mixing. (b) The effect of twirling on mixing of droplet 
components by recirculating flows when droplets move through straight channels. Twirling 
transfers and localises solutions into the front and back halves of the droplets, resulting in efficient 
mixing (b1). In the case of overtwirling, solutions are transferred into the left and right halves of 
the droplets, causing slow and inefficient mixing (b2). (c) Mixing by recirculating at different 
water fractions. Reproduced from references 15 and 28. 
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As mentioned previously, rapid and efficient mixing inside droplets travelling steadily 
through straight channels crucially depends on the generation of twirling. However, if 
unsteady fluid flows can be generated inside the channels, mixing will be significantly 
enhanced by chaotic advection15. This process accelerates mixing by stretching, folding and 
reorienting fluids as shown in Figure 1.414. After a series of these events, the two components 
are localised into multiple thin layers, which render mixing by diffusion to occur rapidly, 
leading to efficient mixing. Unsteady flow can be accomplished by fabricating a winding part 
into the microchannel geometry as can be seen in Figure 1.5b. Droplets travelling through the 
curved channel move at different velocities relative to the two walls12. Unsteady flows are 
thus generated within the droplets and rapid mixing can be achieved by chaotic 
advection12,28,29.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4 Modelling clay demonstrates the mixing of two components by chaotic advection within droplets. 
Stretching and folding are repeated to achieve complete mixing. Reproduced from reference 14. 
 
 
In addition, the recirculating flow within each half of a droplet travelling through the winding 
channel is still generated. This combined with chaotic advection leads to extremely rapid 
mixing. The mixing time (the length of time needed to obtain complete mixing of droplet 
components after droplet formation (t = 0)), inside the droplets moving through a winding 
stretch 
fold 
stretch & fold 
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channels can be as fast as a few milliseconds15. However, it should be noted that such winding 
channels do not enhance mixing in laminar flow (Figure 1.6). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5 Comparison of mixing inside droplets moving through straight (a) and winding (b) channels. 
Mixing of droplet components within straight channels is only accomplished by recirculating 
flow, which is similar to mixing by steady flow in a cavity a(i) & a(ii). Rapid mixing by chaotic 
advection induced when droplets move through winding channels resembles mixing in a flow 
cavity with unsteady walls b(i) & b(ii). Reproduced from reference 28. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6 Comparison of mixing in droplets (a) and in a laminar flow (b). Winding channels do not 
accelerate mixing in laminar flow. Reproduced from reference 12. 
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‘Bumpy’ winding channels (as shown in Figure 1.7) can also be integrated into microfluidic 
devices to generate oscillating interfacial shear forces inside droplets which in turn induces 
chaotic advection and results in rapid mixing30. Such ‘bumpy’ mixers allow mixing of viscous 
and sticky biological solutions within millisecond time scales due to the channel geometry. 
Mixing inside droplets has been studied extensively to understand chaotic mixing and mixing 
properties8,31. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.7 (a) Schematic of a ‘bumpy’ winding channel for rapid mixing of viscous biological solutions. 
This bumpy mixer accelerates mixing of droplet components containing crowded solution (CS) 
of reactants X and Y. (b) Mixing of droplets containing one-third of 260 mg ml-1 BSA. 
Reproduced from reference 30. 
 
 
1.1.5 Fundamental Droplet Studies 
 
Ever since droplet microfluidics using immiscible fluids was revealed to the microfluidics 
community12, the theoretical basis of droplet formation has been studied extensively32. Much 
of this research has focused on fundamental aspects of droplet formation and manipulation 
with a view to utilising these systems in a wide range of analytical applications. 
 
1.1.5.1 T-Junction vs. Flow-Focusing Devices 
 
Normally, droplets are generated using either T-junction12,33 or flow-focusing34-38 geometries. 
For T-junction configurations, droplets are formed by injecting an aqueous phase 
perpendicularly into an oil flow in a main channel. When the aqueous phase is pumped into 
the main channel, the oil flow breaks the aqueous stream into droplets due to shear forces 
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20m 
(b) 
Introduction   Chapter I 
 11 
(Figure 1.8a). With this geometry, twirling of the aqueous stream, induced by the pressure of 
the carrier fluid, occurs at the tip of the droplet forming region, resulting in enhanced mixing 
of aqueous solutions within the droplets. Droplets produced using T-junctions are as large as 
the cross-sectional dimensions of the microchannel and possess a plug-like shape. In a flow-
focusing geometry (Figure 1.8b), the aqueous phase flows into a central inlet of a 
microfluidic device, while the oil phase is pumped into two symmetric side channels. The 
aqueous and oil streams are then forced to flow downstream through a nozzle into the main 
channel. The break-off of the aqueous stream into droplets is induced by symmetric shear 
forces from the oil flow from the side channels. With this droplet formation mechanism, 
spherical droplets which are smaller than the channel width and height can be reproducibly 
generated by decreasing the ratio of the aqueous phase to the continuous phase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.8 Droplet formation using (a) T-junction and (b) flow-focusing devices39. Droplets are generated at 
total flow rates of 7.5 L min-1 (a) and 0.67 L min-1 (b). The microchannel dimensions are 50 
m (a) and 75 m (b) in height and width. 
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1.1.5.2 Droplet Manipulation 
 
Beyond droplet generation, the manipulation of droplets via merging, breakup and sorting 
plays an important role in preparing and functionalising droplets for various applications in 
chemistry and biology. 
 
Droplet merging 
 
Droplet merging is an elegant way to controllably initiate reactions within droplets. Reagent 
droplets can be generated separately and then merged to allow mixing and interaction of the 
component reagents. This is an ideal method for multi-step reactions and is extremely useful 
for fast reactions in which polymers or precipitates are the final products. There have been a 
variety of techniques developed for droplet merging. One general approach uses microfluidic 
channel geometries to facilitate the merging of droplets and is known as passive merging. The 
idea behind this approach is to employ channel configurations to slow down a droplet and 
allow the proceeding droplet to come into close contact and then merge. This can be achieved 
by expanding the microchannel into a chamber which drains the oil phase between two 
consecutive droplets40-42. In combination with phase flow control, this merging technique has 
been used to initiate CdS nanoparticles synthesis43 and also the rapid synthesis of calcium 
alginate hydrogel particles26. In addition, traps have been integrated within microfluidic 
channels to slow down or stop droplets and thus induce merging44.  
 
More recently, rows of pillars have been integrated inside a microfluidic chamber to induce 
passive droplet merging in a controlled manner (Figure 1.9)45. These pillars are used to 
decelerate, stop and merge droplets, with the final merged droplet then moving out of the 
pillar chamber and into the microchannel due to hydraulic pressure. Using such an approach, 
the number of droplets to be merged can be precisely controlled at any time. Moreover, 
droplet merging based on the surface properties of the microchannel itself has been reported. 
For example, poly(acrylic acid) (PAA) was patterned on planar benzophenone-containing 
PDMS substrates to slow down and merge adjacent droplets46. 
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Figure 1.9 Pillar-induced droplet merging. These pillars also induce rapid mixing of two droplets. 
Reproduced from reference 45. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.10 Merging of droplets using electric fields. A low potential voltage of 1-3 V (50-100 ms) applied to 
the electrodes patterned across the channel walls induces an instability across the interface 
between droplets, resulting in droplet merging. Reproduced from reference 47. 
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Besides geometrically mediated merging, active-merging using electric fields has been 
presented by a number of researchers47-50. As shown in Figure 1.10, electrodes can be 
patterned across the channel walls. Application of an electric field induces a dynamic 
instability across the interface of adjacent droplets, leading to merging. This technique was 
successfully used to perform an enzyme assay for measuring kinetic constants50 and also the 
synthesis of spinel magnetic iron oxide nanoparticles48 (employing droplet pair generation 
from a microfluidic dual nozzle51).  
 
Droplet breakup 
 
As with droplet merging, the breakup of droplets can be achieved by engineering variations in 
channel geometry. For example, a T-junction or an obstruction in a microchannel can be 
exploited to passively break up droplets52-54. The breakup of sufficiently long droplets is 
always achieved at the T-junction and is independent of flow rate54. In contrast, smaller 
droplets moving slowly will flow into each branch of the T-junction alternately, instead of 
breaking up. For splitting by an obstruction, droplets are broken when they collide with an 
obstacle located inside the channel. The position and size of the obstacle are known to affect 
the daughter droplet size after splitting54. Compared to using an obstacle, the T-junction 
approach is more reliable in splitting droplets and offers the possibility of controlling the size 
of the daughter droplets54. Modelling of droplet breakup at a T-junction has been used to 
investigate the importance of flow rates, surface tension and viscosities of the two phases55. 
Results from these numerical simulations were found to be in agreement with experimental 
results55. Moreover, studies on the effect of angles of microchannel junctions on droplet 
breakup confirmed that breakup conditions are precisely controlled by the channel 
geometry56. In addition to geometrically-mediated droplet splitting, electric fields have also 
been applied to breakup droplets47. 
 
Droplet sorting 
 
Droplets can be sorted either by size or content. Sorting by size is controlled by channel 
geometry and weight40,57. Droplets with a radius difference of as little as 4 m were 
successfully sorted using this sorting mechnism58. However, sorting based on content is more 
useful as droplets of interest can be selected at will. This can be achieved through creative use 
of electric fields to control the movement of charged droplets, as shown in Figure 1.1147. In 
addition, localised heating by a laser spot was also reported to manipulate droplet motion and 
thus achieved sorting59. 
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Figure 1.11 Droplet sorting using electric fields. A) Without application of an electric field, droplets enter 
the right and left channels alternately due to the T-junction bifurcation channel that equally 
splits the oil flow into the two branches. B) Schematic of the system for sorting desired droplets 
using electric fields. C) & D) The movement of charged droplets can be controlled by electric 
fields. Reproduced from reference 49. 
 
 
1.1.6 Applications of Droplet Microfluidics 
 
Although droplet microfluidics using flow instabilities between immiscible fluids has only 
been developed recently, this nascent field has been rapidly growing. This is due to the superb 
performance of droplet systems. For example, thousands of precisely defined picolitre volume 
droplets can be produced in a second. This makes droplet microfluidics a promising platform 
for conducting high-throughput analysis, in which each isolated droplet acts as a micro/nano 
reactor. Significantly, the compartmentalisation of droplets prevents sample loss14, and 
diffusion of the sample zone14, surface adsorption and cross-contamination60, allowing 
reactions to be accurately controlled and monitored. These features combined with the ability 
to manipulate droplets (i.e. merging, breakup and sorting) has meant that droplet-based 
microfluidic systems have been exploited in a diverse range of applications13,14. These can be 
categorised as follows.  
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1.1.6.1 Kinetics within Droplets 
 
Due to the rapid mixing of reagents within droplets and dispersion free motion, droplet 
microfluidics has attracted considerable attention for kinetic measurements. For example, the 
rapid binding of Ca2+ ions to Fluoro-4 (a calcium sensitive dye, which is strongly fluorescent 
when combined with Ca2+) was measured in droplets using a PDMS device containing a 
winding channel12. Results showed that the strong fluorescence associated with the mixing of 
Ca2+ and fluoro-4 inside the droplets was due to the formation of fluoro-4:Ca2+ complexes. 
The reaction was observed over a distance of 500 m and mixing times as fast as 2 
milliseconds were achieved at high flow rates. Kinetic analysis of an enzymatic reaction was 
also accomplished using nanolitres of reagents within a droplet microfluidic reactor61. The 
rapid turnover rate constant, measuring the efficiency of an enzyme’s activity, of ribonuclease 
A was successfully measured with millisecond resolution and results from this experiment are 
in agreement with previous studies. 
 
1.1.6.2 Protein Crystallisation 
 
Protein crystallisation is an important process in structural biology. Due to the problems 
associated with obtaining enough sample, methods for protein crystallisation on small sample 
volumes have been developed62. Not surprisingly, droplet systems are viewed as an 
interesting platform for performing protein crystallisation on nano/picolitre volumes. 
 
For example, using a sample volume of less than 4 nl of protein solution, thousands of protein 
crystallisation conditions were screened within aqueous nanolitre-size droplets by Ismagilov 
and co-workers62. Conditions for protein crystallisation were varied by rapidly and 
continuously changing the flow rates of the input solutions. Droplet pairs created by 
generating alternating droplets were then used to index the composition of the droplets63, i.e. 
the first droplet consists of solutions required for reactions and the second contains markers to 
index the composition of the first droplet. For long-term storage, protein crystals inside the 
droplets were transferred from PDMS microchannels to glass capillaries and X-ray diffraction 
was performed to assess crystal structure64-66. In addition, the effect of mixing on the 
nucleation of protein crystals was studied to clearly understand the process and fundamentals 
of protein crystallisation inside droplets67,68.  
 
In order to generate single protein crystals, the nucleation and growth processes should be 
separated69. A seeding method is normally used in bulk experiments to separate these two 
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stages; however, this is not feasible on the small scales associated with microfluidic systems. 
Recently, a microfluidic seeding method using a two stage droplet formation processes was 
presented for preparation of seed crystals for protein crystallisation69. As shown in Figure 
1.12, smaller droplets containing seeds precipitated from the first droplet formation stage 
were transferred to the second growth stage. Here, the droplets were merged with protein and 
precipitant solutions to form bigger droplets. The combined droplets were then flowed into a 
glass microcapillary for storage and observation of the crystallisation process. This seeding 
method was successfully used to crystallise SARS nucleocapsid N-terminal domain and 
Oligoendopeptidase F crystals, which are known to be problematic to crystallise. In addition, 
a ‘hybrid’ approach combining high-throughput screening and optimisation was developed 
and used to crystallise membrane proteins70. This combined method allowed both screening 
and optimisation to be carried out simultaneously, thus decreasing sample and time 
consumption. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.12 Schematic of microfluidic seeding method using two-stage droplet formation. Small droplets 
containing seeds from the first stage (nucleation stage) are transferred to form bigger droplets in 
the second stage (growth stage). The final droplets are then stored in a glass microcapillary to 
allow observation of the crystallisation process. Reproduced from reference 69. 
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1.1.6.3 Biological Assays 
 
The production of uniform droplets on short timescales and with controllable composition 
suggests that droplet systems should be a promising for use in high-throughput screening and 
assays, in which a hugely productive and efficient system for screening a desired component 
from thousands of samples is necessary71-73. Indeed, cartridges (capillaries used as 
microchannels) loaded with nanolitre sample droplets have been used for high-throughput 
screening using a droplet approach74. Compared to a conventional screening system with 
multi-well plates, this technique is more attractive due to the small amounts of reagent 
required and the lack of complex instrumentation. Specifically, a functional enzyme assay 
using nanolitre droplets in three phases (liquid/liquid/gas) was used to screen for phosphate 
activity75. A cartridge of enzyme sample plugs was prepared in a capillary. To prevent 
contamination between sample plugs, two buffer plugs were inserted between neighbouring 
enzyme plugs and each liquid plug was separated by gas bubbles (Figure 1.13). The array of 
plugs was then merged with a fluorogenic substrate solution to screen a target enzyme 
possessing phosphate activity. Fluorescence from the reaction between the enzyme and 
substrate indicated phosphate activity of the enzyme. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.13 Illustration of a functional enzyme assay for screening phosphate activity. Plugs of enzyme 
samples separated by buffer plugs and gas bubbles were prepared in a cartridge. Screening of the 
target enzyme was performed by merging the enzyme sample plugs with a fluorogenic substrate. 
Reproduced from reference 75. 
 
 
Moreover, in vitro protein expression was demonstrated for the first time in a microfluidic 
device using droplet compartmentalisation76. Here, all components for expression were 
encapsulated and mixed within droplets, as illustrated in Figure 1.14. The droplets were 
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incubated for 50 minutes at the outlet reservoir and then re-pumped through the microchannel 
to be detected online using an epifluorescence confocal detector. The success of this work has 
paved the way for in vitro biological processes utilising droplet compartments.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.14 Schematic of in vitro expression of proteins using droplet microfluidics. Reproduced from 
reference 76. 
 
 
Based on this work, an improvement in droplet storage and stability for in vitro protein 
expression was successfully achieved using an integrated microfluidic device specifically 
designed for droplet formation, incubation and analysis on a single device77. As shown in 
Figure 1.15, after the generation process, droplets are moved into a storage chamber and 
incubated for a desired time. They are then pumped through an analysis section for detection. 
This device allowed the expression of GFP to be conducted in droplets over 6.5 hours. It was 
found that a surfactant mixed in the oil phase played a critical role in enabling uniform 
droplet formation and stability. Recently, synthetic fluorosurfactants were developed to 
efficiently stabilise droplet formation, incubation and reinjection27. Importantly, these 
surfactants are compatible with most biological systems. 
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Figure 1.15 Schematic of an integrated device performing droplet formation, storage and detection. A - oil 
inlet, B1 & B2 - aqueous inlets, C - droplet forming region, D - droplet flow direction into a 
storage chamber and E - droplet exit and detection. Insets show 1) droplet formation and 2) 
droplets being incubated in the chamber. Reproduced from reference 77. 
 
 
In addition to in vitro protein expression, droplets have been exploited to conduct cell-based 
enzyme assays25. Catalytic activities of alkaline phosphatase (AP) expressed in E. coli cells 
were studied by monitoring the fluorescence intensity variations.  
 
Typically, large scale biological screening is performed by screening a target from thousands 
of candidates. Accordingly, when implementing droplets for large scale screening, a method 
that is able to prepare thousands of samples for droplet injection is required to minimise time, 
labour and cost. To this end, an approach utilising arrays of plugs containing distinct 
compositions of samples has been presented53. The preparation of arrays of sample plugs is 
illustrated in Figure 1.16. Sample solutions were aspirated into Teflon tubing to preform a 
single array of large plugs (~320 nl). This single array was then connected to a microfluidic 
device containing a series of T-junctions. When the large plugs were pumped into this device, 
they broke at the T-junctions into plugs with a volume of 20 nl, producing several output 
arrays of smaller plugs as shown in Figure 1.16. It was found that different sizes and 
viscosities of the smaller sample plugs can cause coalescence and contamination due to 
differential motion during flow. To prevent this problem, gas bubbles were aspirated in 
alternation with sample plugs to function as spacers.  
 
1) 
2) 
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Figure 1.16 A schematic diagram describing the splitting of large plugs from a single array to form arrays of 
small plugs. (a) A single array containing large sample plugs and gas bubbles as spacers. (b) The 
single array is connected to a microfluidic device having T-junctions linked in series. (c) Several 
arrays of smaller plugs are produced after the breaking and splitting of the large plugs at the T-
junctions. Reproduced from reference 54. 
 
 
However, it was found that gas bubbles inside such arrays have a high possibility of causing 
flow fluctuations and delays when changing flow rates. Accordingly, another immiscible 
liquid was selected as a spacer to avoid the problems caused by gas bubbles78. Instead of 
using aspiration, a microfluidic device having cross channels was used to generate droplets 
with alternating sample compositions to prepare a single array (Figure 1.17). By controlling 
flow rates, spacer droplets produced at a T-junction further downstream were precisely 
introduced between two sample droplets. Using a liquid spacer, coalescence of plugs was 
eliminated completely. 
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Figure 1.17 (a) Schematic of a microfluidic device for the preparation of an array containing large sample 
droplets in Teflon tubing using an immiscible liquid as a spacer. (b) Micrographs of small droplets 
inside microchannels after splitting of large droplets. Reproduced from reference 78. 
 
 
To perform the assay, the array loaded with the sample plugs and spacers was connected to a 
T-junction microfluidic device. While travelling along the main channel into the device, the 
plugs were mixed with a reagent stream perpendicularly injected into the main channel 
(Figure 1.18a). However, this injection technique required synchronised flow between the 
preformed plugs and reagent stream to avoid cross contamination and formation of unwanted 
reagent droplets. To overcome this difficulty, a multi T-junction device (shown in Figure 
1.18b) was designed to precisely inject a substrate stream into the preformed plugs with no 
cross contamination79. This injection method reliably demonstrated two assays assessing the 
enzymatic activity of thrombin and the coagulation of human blood plasma.  
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Figure 1.18 Schematic of two methods for injecting a reagent solution into preformed plugs. (a) A single T-
junction injector and (b) a multi T-junction injector. Reproduced from reference 79. 
 
 
The generation of preformed plug arrays has much potential in facilitating large-scale high-
throughput screening and assays. Exploiting this advanced technology, the high-throughput 
screening of bacteria for antibiotic drug susceptibility in samples without pre-incubation was 
successfully achieved80. The confined and restricted small volumes of the microdroplets 
expedited the detection of bacteria as incubation was not required to increase bacterial 
concentrations to detectable levels. In addition, this technology was further extended to 
perform parallel agglutination assays for ABO and D blood typing and group A subtyping81. 
Here, the preformed array consists of plugs of antibodies of different types. This array is then 
connected to a microfluidic device to conduct blood typing by performing individual 
agglutination assays in droplets generated from blood samples and the antibody plugs. This 
approach also allowed serial typing of multiple blood samples to be assayed in a single 
experiment.  
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1.1.6.4 Cell-Based Assays 
 
As microdroplets have typical volumes of a few hundred picolitres and are separated by an oil 
flow, they offer ideal compartments for single cell encapsulation. The confined environment 
not only prevents sample loss and dispersion but also enables the concentration of substances 
secreted from encapsulated cells to rapidly reach detectable levels. Combined with droplet 
manipulation techniques, including merging, breakup and sorting, droplets containing cells of 
interest can be selected and separated without damaging the cells themselves.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.19 (a) Schematic of a flow-focusing microfluidic device for droplet self-sorting. (b) An asymmetric 
oil flow plays a crucial role for droplet self-sorting. (c) & (d) Droplets containing cells (indicated 
by a white arrow), which are normally bigger than empty droplets, are forced by the asymmetric 
oil flow into the left chamber. Reproduced from reference 84. 
 
 
Droplet microfluidics was first applied to a single cell assay by He and co-workers. Here, 
mitochondria were encapsulated in pico/femtolitre-volume aqueous droplets82. Laser 
photolysis of encapsulated cells was rapidly achieved and the enzyme activity from the single 
cell assayed. Ideally, in such a single cell analysis format, every droplet should be occupied 
by a single cell. Indeed, the use of high aspect ratio microchannels and high density cell 
suspensions has been successfully implemented to passively control single cell loading into 
individual droplets83. However, droplet sorting is an alternative method to select droplets 
(a) 
(d) (c) 
(b) 
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containing targets of interest for further analysis. A self sorting approach based on 
hydrodynamic effects was presented for passive separation of droplets containing cells 
(positive droplets) from empty droplets (negative droplets). As shown in Figure 1.19, this 
sorting mechanism employed the asymmetry of the oil flow in a flow focusing geometry to 
sort droplets84. Empty droplets, which are smaller than droplets containing cells, are forced by 
the asymmetric oil flow to move close to the right wall and are then driven into the right 
chamber. On the other hand, bigger droplets containing cells travelling along the centre of the 
focusing channel are moved into the left chamber. This method was also used to encapsulate 
and sort cancerous lymphocytes from a whole blood mixture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.20 Microfluidic devices designed for particular purposes. (a) Schematic of encapsulation devices 
having 1 or 2 aqueous inlets. (b & c) Droplet formation and cell encapsulation. (d) Schematic of 
an incubation chip. (e & f) Optical micrographs showing droplet encapsulation within 
microchannels. (g & h) Devices for analysis (merging, sorting, splitting or detection). (i) An 
incubation device for time-resolved study. Each device can be flexibly connected using external 
tubing. All scale bars are 100 m. Reproduced from reference 85. 
 
 
Introduction   Chapter I 
 26 
Apart from cell encapsulation, the long-term incubation of cells encapsulated within droplets 
has also been investigated60. For example, mammalian cells can be encapsulated within 
aqueous droplets and then collected and incubated in syringes. This is termed off-chip 
incubation. After reinjection into a microfluidic device for analysis, cells were found to be 
fully viable after several days. Moreover, a fully functional droplet system, as shown in 
Figure 1.20, was developed for cell-based assays, including encapsulation, incubation, 
manipulation and analysis. This system consisted of microfluidic components designed for 
specific functions with each component connected via external tubing85. To illustrate the 
efficacy of this approach, hybridoma cells were encapsulated and incubated within droplets. 
From an incubation device, individual droplets containing cells were transferred into an 
analysis device to measure the amount of antibodies secreted from the cells. It was found that 
the concentration of secreted antibodies reached detectable levels in short times due to the 
confined environment and small volumes of the droplets. Subsequently, cells were 
successfully recovered from droplets and cultured in normal 96 well plates. As demonstrated 
in this work, droplet microfluidics holds great promise as a new class of fluorescence-
activated cell sorter (FACS) for cell analysis. An example of a droplet microfluidic cell 
analysis approach for quantitative determination of cells will be presented in this thesis in 
Chapter 4. 
 
1.1.6.5 Preparation of Double/Multiple Emulsions 
 
As mentioned in Section 1.1.2 that double emulsions, consist of smaller droplets encapsulated 
within larger droplets, are widely known to have potential in applications in food science, 
cosmetics and pharmaceutics18,20,21. Therefore, numerous methods have been developed to 
prepare highly monodisperse multiple emulsions and control the loading volume and release 
of encapsulated ingredients. Due to the recognised ability to produce uniform droplets and 
controlled compositions in a high-throughput manner, microfluidic systems offer an 
interesting approach for preparing monodisperse multiple emulsions. 
 
Microfluidic devices with consecutive T-junctions have been used to generate W/O/W 
droplets
17,86
. For example, an upstream hydrophobic T-junction can be used to produce 
normal aqueous (W/O) droplets, after which they are moved to a downstream hydrophilic T-
junction, in which they are encapsulated by an aqueous stream to form W/O/W droplets, as 
shown in Figure 1.21a-b. By controlling the input volumetric flow rates, various droplet sizes 
and different numbers of internal droplets can be obtained (Figure 1.21c).  
 
Introduction   Chapter I 
 27 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.21 (a) Schematic of a microfluidic device for multiple droplet generation. Aqueous (W/O) droplets 
are alternatively produced at the upstream junction. (b) The formation of organic (W/O/W) 
droplets by enclosing the blue and red aqueous droplets with an external aqueous phase. (c) 
Multiple emulsions with different compositions and numbers of internal droplets generated using 
the device in (a). The scale bars are (b) 100 m and (c) 50 m. Reproduced from reference 86. 
 
 
One of the difficulties associated with the above approach is that surface modification is 
required to render both hydrophilic and hydrophobic channel regions in a single device. To 
circumvent the vagaries of this technique, a coaxial microcapillary device, as shown in 
Figure 1.22, has been introduced as an elegant way to produce highly monodisperse droplet 
emulsions in a single step with precise control over inner and outer droplet sizes as well as the 
number of inner dropets87. This microfluidic system consists of two cylindrical microcapillary 
tubes and a square tube assembled together as illustrated in Figure 1.22. To prepare W/O/W 
droplets, an aqueous solution (inner fluid) is flowed through the inner tube, while an oil phase 
(middle fluid) is pumped into the square tube. A secondary aqueous solution (outer fluid) is 
injected into the square tube but in the opposite direction. Due to such a configuration, the 
three co-flows are hydrodynamically forced inside another capillary tube. The flow then 
breaks at the orifice of the collection tube due to interfacial surface tension to form double 
emulsions. The size and number of droplets are controlled by changing the diameter of the 
tubes and the volumetric flow rates. Double emulsions produced using this coaxial 
organic 
phase 
aqueous phase (blue) 
aqueous phase 
out 
aqueous phase (red) 
Introduction   Chapter I 
 28 
microcapillary configuration have been used as templates for highly efficient preparation of 
well-defined particles and functional vesicles21, including polymerosomes or polymer 
vesicles88, biodegradable polymersomes89, phospholipid vesicles90 and nanoparticle 
colloidosomes91. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.22  (a) Schematic of a coaxial microcapillary device for the preparation of multiple emulsions. (b) 
Preparation of multiple emulsions with a single internal droplet. Reproduced from reference 87.  
 
 
Moreover, the single microcapillary device has been modified and developed to facilitate 
higher order multiple emulsions such as W/O/W/O droplets or even hierarchical levels of 
multiple emulsions by adding transition tubes in series (Figure 1.23)20,21. Similarly, two 
consecutive flow-focusing devices have been also employed to generate double emulsions 
with precisely controlled sizes19,92. 
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Figure 1.23 Preparation of higher order multiple emulsions. (a) Schematic of device geometry for the 
preparation of multiple emulsions. (b) Optical images of monodisperse emulsions containing 
multiple internal droplets produced from (a). (c) Schematic diagram of an extended device to 
generate additional hierarchical levels of multiple emulsions, which are shown in (d). All scale 
bars are 200 m. Reproduced from reference 20. 
 
 
1.1.6.6 Synthesis in Droplets 
 
Unlike small-scale synthesis within continuous flow regimes, droplets provide independent 
‘microreactors’ in which various reactions can be performed on short timescales. In 
combination with the ability to merge droplets, complicated and sequential synthetic 
processes are also feasible. Accordingly, droplet-based microfluidic systems are highly useful 
tools in synthetic processing. 
 
Synthesis of Organic Molecules  
 
Droplets have been utilised as environments in which to perform organic synthesis. For 
example, deacetylation of ouabain hexaacetate (Ac6-OUA) has been studied within aqueous 
droplets moving through a preformed cartridge (a piece of Teflon tubing used as a 
microchannel)93. Since PDMS swells when contacted by many organic solvents, PDMS 
devices are somewhat limited. Thus, a thiolene-based resin has been used to fabricate 
microfluidic devices for performing organic synthesis within organic droplets16,94,95. The 
bromination of alkenes inside benzene droplets has been  successfully demonstrated using this 
(a) (b) 
 
  
(d) 
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system16,94. Although thiolene is an organic material, it is biocompatible and has been used to 
fabricate a device to culture HeLa cells95. As another example, a synthetic reaction network in 
droplets was conducted using the oxidation of Co3+ by KH2PO4
96. The reaction was amplified 
using a two-stage microfluidic device, resulting in 5000-fold amplification. 
 
Synthesis of Nanoparticles  
 
Due to the ability to precisely control droplet sizes, generation frequencies and compositions, 
droplet microfluidics has been utilised in the synthesis of monodisperse nanoparticle 
populations. In addition, the compartmentalisation provided by droplets also prevents 
blockages due to the precipitation of particles inside microfluidic channels. For example, 
multi-step synthesis of colloidal CdS and CdS/CdSe core-shell nanoparticles has been  carried 
out on millisecond timescales97. In addition, the synthesis of CdSe nanocrystals at high 
temperature (240-300C) was developed using glass microreactors to obtain high-quality 
semiconductor nanocrystals36. Although the nanoparticles obtained from this droplet approach 
were comparable in monodispersity to those synthesised in flasks or continuous flows, further 
optimisation of this system including integration of on-chip mixing can in principle improve 
the monodispersity of the nanoparticles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.24 Schematic of a microfluidic device for the synthesis of nanoparticles by collision of two aqueous 
solutions. Adapted from reference 98. 
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Furthermore, CdS nanoparticle synthesis was conducted utilising the fusion of alternate 
droplets43. The channel geometry and suitably controlled flow rates allowed Cd2+ and S2- ions 
to form CdS nanoparticles in each fused droplet. To prevent particles from fouling channels, a 
new droplet formation approach for particle synthesis was recently presented98. This 
technique involves the collision of two aqueous solutions in a main microchannel (as seen in 
Figure 1.24). Here, nucleation occurs in an oil stream, resulting in colloidal droplets, which 
do not touch the channel walls. Using this approach, calcium carbonate particles were 
synthesised without fouling and silver particles with a narrow size distribution and a smaller 
degree of agglomeration, compared to particles synthesised in a beaker, were successfully 
produced. 
 
Synthesis of Alginate Hydrogels 
 
Recently, droplet-based microfluidic systems have been utilised to enable production of 
monodisperse calcium alginate hydrogels. Due to its similitude to the natural extracellular 
matrix, alginate is one of the most promising materials for the encapsulation of biomolecules, 
such as proteins, enzymes, cells and DNA, in tissues engineering and transplantation98. 
Various techniques have been developed to prepare monodisperse alginate hydrogels. Off-
chip gelation of alginate droplets has been used to prepare alginate hydrogels using a 
microfluidic device incorporating a flow focusing geometry99. This approach allowed 
production of alginate hydrogels with sizes ranging from 50 m to 2000 m and a size 
distribution of less than 5%.  
 
The in situ production of hydrogels by controlling the diffusion of calcium ions has been also 
demonstrated. Alginate droplets were produced using an alginate solution as an aqueous 
phase and a solution of CaI2 in undecanol as an oil phase
100. While the alginate droplets travel 
along the microfluidic channel, calcium ions in the oil phase diffuse into the droplets to 
initiate polymerisation in situ. It was found that the alginate hydrogel structures depend on the 
residence time of the droplets in the microchannels. In addition, instead of mixing a calcium 
solution into an oil phase, insoluble calcium complexes, such as CaCO3 nanoparticles, 
homogeneously dispersed in an alginate solution were used to produce monodisperse alginate 
hydrogels98.  
 
In situ production of monodisperse alginate hydrogels was also achieved using microfluidic 
devices with both T-junction and flow focusing geometries101,102. These devices contain three 
or four inlets for droplet formation. Alginate and CaCl2 solutions were separately pumped 
through two inlets into microchannels to form droplets and a third stream, such as water, was 
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used to separate alginate and CaCl2 solutions from coming into contact before droplet 
generation. The two reagents were rapidly mixed due to chaotic advection within droplets and 
then immediately transformed into calcium alginate hydrogels. The sizes of the alginate 
hydrogels were controlled by adjusting flow rates of the aqueous and oil streams. Due to the 
extremely fast reaction between alginate and CaCl2 solutions, if adjacent flows of these two 
solutions delivered into microchannels are not stable, it is highly possible that alginate 
hydrogels may be formed during the delivery process and before droplet formation. This 
results in channel blockage. To avoid this situation, a new microfluidic technique enabling 
droplet merging for alginate hydrogel production has been proposed26,103,104. In this, alginate 
and calcium chloride droplets are generated separately and then transferred and merged in an 
expanded merging chamber. Consequently, blocking issues due to unstable flows are 
prevented and alginate hydrogels with various shapes and sizes can be produced by 
controlling input flow rates.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.25 (a) Schematic of a microfluidic device having two double T-junctions. For alginate hydrogel 
preparation, alginic droplets are formed at a focusing region F by injecting an alginic solution 
from inlet A1 into an oil stream flowing from A2. A gelating solution pumped from A3 into the 
double T-junction channels is injected into the alginic droplets to form hydrogels and then moved 
to the outlet. The second double T-junction channels T2 are for post reactions after hydrogel 
generation. (b) Demonstration of hydrogel preparation at the double T-junction channels. A red 
dye solution is used to demonstrate the injection of the gelating solution into incoming alginic 
droplets. Reproduced from reference 106.  
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However, alginate production by geometry-mediated droplet merging requires synchronised 
flows of droplets. Recently, a new microfluidic design having a double T-junction 
configuration was shown to improve hydrogel bead production105. Alginic droplets produced 
at a flow-focusing channel travelled into a main channel and merged with a calcium solution 
injected alternatively from the branches of the double T-junctions, as seen in Figure 1.25. 
Compared to a single T-junction for droplet merging, this approach was more reliable and 
effective, with a merging efficiency in excess of 90%.  
 
In addition to alginate production, the encapsulation ability of alginate hydrogels has been 
investigated. Alginate hydrogels have been used to encapsulate gold nanoparticles99, 
polystyrene beads100 and mammalian98, yeast101 and mouse erythroleukaemia104 cells without 
loss of viability. 
 
Synthesis of Polymeric Particles 
 
Microdroplets have also been demonstrated as templates for the syntheses of polymer 
particles and beads with well-defined sizes. By means of in situ polymerisation, an entire 
liquid droplet can be polymerised into a polymer particle. Consequently, the use of 
monodisperse droplets results in polymer particles with a narrow size distribution. 
 
Acrylic monomer droplets have been rapidly and reproducibly produced using polyvinyl 
alcohol (PVA) aqueous solution as a continuous phase106. Subsequent UV irradiation was 
used to initiate polymerisation providing monodisperse particles with a coefficient of 
variation (CV) below 2%. Polymer particles with various shapes and morphologies were also 
successfully produced using a single-step microfluidic approach107. In addition, droplet 
systems have been used to prepare biodegradable microgels108, chitosan microparticles 
encapsulating ampicillin109, molecularly imprinted polymer beads110, co-polymer particles111 
and mesoporous silica particles24. Parameters affecting the quality and size of polymer 
particles, such as the polymerisation rate, the viscosity of the continuous phase and the 
geometry of the microfluidic device, were varied to attain desired characteristics in terms of 
both size and shape112,113.  
 
Moreover, solidified polymer particles have been produced using a droplet microfluidic 
approach with a flow-focusing configuration. Monodisperse liquid droplets generated from 
monomers and a photoinitiator were in situ polymerised into solid particles using either UV 
irradiation or thermal initiation114. Different sizes and shapes of the solid particles were 
obtained simply by changing the droplet size and microchannel cross section. This method 
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was extended to the production of co-polymer particles with controlled size and low 
polydispersity111, polymer bead necklaces115, biopolymers100 and monodisperse mesoporous 
silica particles24.  
 
Preparation of Capsules/ Vesicles 
 
Since droplet microfluidics provides a facile technology for particle and hydrogel production, 
the approach has been also extended to the preparation of capsules and vesicles as potential 
encapsulants and carriers for cells, particles, drugs and DNA. Well-defined vesicles and 
capsules are especially important for encapsulation of active pharmaceutical ingredients, in 
which the delivery and controlled release of drugs are crucial116. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.26 (a) Micrographs of droplet formation to prepare polymeric microcapsules. Droplets are generated 
from a block-copolymer solution, and then the droplet polymers self assemble into microcapsules. 
(b) Images of polymeric capsules which have pores on the surface (inset). Reproduced from 
reference 118. 
 
Employing a flow-focusing design, polymer droplets can be generated from a block co-
polymer solution117. Due to the self-assembly behaviour of the block co-polymer, the polymer 
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droplets were rearranged to assemble into microcapsules having inner cavities and porous 
outer surfaces (Figure 1.26). The storage and release performances of the polymer 
microcapsules were investigated by encapsulating the microcapsules with Congo-red dye. In 
addition, microgels and beads having inner cavities or porous surfaces, which can be 
potentially used as capsules or carriers, have also been produced using the droplet 
microfluidic technology116. 
 
Lipid vesicles can also be prepared by means of droplet microfluidics118. For example, 
emulsion droplets can be generated from an encapsulated target solution (an aqueous phase) 
and a lipid solution consisting of phospholipids and oleic acid, as shown in Figure 1.27. The 
emulsion droplets are then transferred into an aqueous solution containing ethanol and water. 
Due to the high solubility of oleic acid in ethanol, excess solvent around the emulsion 
droplets can be removed, leading to the dissociation and rearrangement of the phospholipids 
around the droplets to form lipid vesicles. These vesicles were successfully demonstrated to 
encapsulate GFP, HeLa and cancer cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.27 Preparation of lipid vesicles using a droplet microfluidic system. (a) Droplet formation using an 
encapsulated target solution and a lipid phase consisting of phospholipids and oleic acid. (b) The 
dissociation and rearrangement of phospholipids to assemble into vesicles when emulsion droplets 
are transferred into a solution of ethanol and water. Reproduced from reference 119. 
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Additionally, double emulsions controllably generated in a microcapillary device (Section 
1.1.6.5) have been reported as templates for vesicle production88,89. This approach employs 
the self assembly of diblock co-polymers to produce highly uniform polymer vesicles or 
polymerosomes, which are promising for drug delivery applications. For W/O/W droplets or 
double emulsions, each droplet is composed of a small aqueous droplet contained within a 
larger organic droplet in an aqueous continuous phase. They are generated using water (with 
encapsulated molecules) and a hydrophobic phase consisting of diblock co-polymers 
dissolved in a mixture of organic solvents. The double emulsions are collected and dried to 
evaporate the organic solvents from the shells, causing the self-assembly of the block co-
polymers into vesicular structures. Similarly, traditional phospholipid vesicles have also been 
successfully prepared using this technique90. This preparation process is schematically 
explained in Figure 1.28. Moreover, this vesicle preparation mechanism was applied to the 
production of monodisperse nanoparticle colloidosomes with controlled sizes and 
permeability91.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.28 (a) Schematic of the preparation of phospholipid vesicles using W/O/W double emulsions as 
templates. The evaporation of organic solvents leads to a rearrangement of phospholipids to form 
vesicles. For preparation of polymer vesicles, diblock co-polymers are used instead of 
phospholipids. (b) Images of phospholipid vesicles containing fluorescent latex microspheres. 
Reproduced from reference 90. 
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1.1.6.7 Extraction 
 
Since droplet systems consist of two immiscible phases in contact, they can be useful tools in 
liquid-liquid extraction and purification. For example, the extraction of butyl Rhodamine B 
(BRB) by 1-hexanol has been accomplished using a glass device specifically designed to trap 
organic solvent droplets within channels119. The BRB solution, which continuously flowed 
through the channels, was extracted into trapped organic droplets by phase transfer, after 
which droplet composition was detected by LIF. Chemiluminescence detection has also been 
developed for this stationary-droplet extraction system120. Quantitative extraction using the 
droplet system was also successfully performed to determine the amount of aluminium in 
water121. Here, aluminium was extracted with 2, 2-dihydroxyazobenzene as a metal chelate 
from a buffer solution into tributyl phosphate droplets. Compared to conventional extraction 
methods using a separation funnel, droplet extraction was 90 times faster. This technique was 
applied to analyse Al+ in water from environmental samples and the results were in agreement 
with conventional methods.  
 
In addition to using trapped droplets for extraction, mass exchanges taking place between 
moving aqueous droplets and a continuous phase (external phase) during 
extraction/purification processes have been studied to understand liquid-liquid extraction 
using droplet microfluidics122. For extraction, fluorescein in octanol (external phase) was 
extracted into moving aqueous droplets, while purification was demonstrated by observing 
the diffusion of Rhodamine from droplets into an external phase. It was found that the 
extraction/purification processes using this system are much faster than conventional 
methods. Moreover, an ionic liquid (IL), a water-immiscible liquid consisting of organic 
cations and various anions, was successfully employed as a continuous phase to demonstrate 
the extraction of Rhodamine 6G from aqueous droplets into an IL phase123. Due to unique 
properties, such as extremely high viscosity, the ability to extract many species, 
biocompatibility and a dual role of hydrophilicity and hydrophobicity, ILs exhibited superior 
performance over traditional oils for microfluidic droplet extraction.  
 
1.1.6.8 Polymerase Chain Reaction (PCR) 
 
The precise control over droplet characteristics suggests many applications in DNA 
sequencing and genetic analysis. A prototype of an automated microdroplet device with in-
capillary laser-induced fluorescence detection for PCR was successfully developed for 
microlitre volume droplets124. This system, which is totally automated for both sample 
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preparation and analysis, provided a throughput of ~3000 PCR reactions/day with high 
reproducibility and sensitivity at low sample concentrations. Recently, real-time fluorescence 
detection of droplet-based PCR was presented125. These PCR microdroplet reactors, 1-
million-fold smaller than array-based PCR, required only 18 cycles for single copy 
amplification and real time detection, which is a significant improvement over commercial 
instrument performance. This approach was extended further to perform reverse transcription 
PCR of single RNA genome copies126. In addition, long DNA amplicons were efficiently and 
uniformly amplified using PCR droplet microfluidics based on single copy genetic 
amplification127. With this technology, 100 amol of >600 bp DNA fragments were 
successfully amplified. More recently, continuous-flow PCR in droplets was successfully 
demonstrated using a circular-designed microfluidic device128. With such a device 
configuration (Figure 1.29), alternating temperature zones can be applied in a radial pattern. 
This avoids temperature cycling of the entire device. Compared to a benchtop PCR machine, 
this high-throughput approach provides an amplification factor of up to 5 × 106 fold and 
allows the amplification of a single DNA molecule per droplet. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.29 A radial microfluidic device for continuous-flow PCR in droplets. The device (75 m in depth) 
consists of an oil inlet (A), two aqueous inlets (B1 & B2) and an outlet (F). Droplets generated at 
a T-junction (C) move through a 500m-wide inner-circular channel, which contains a hot zone 
(D), for template denaturation. Droplets then travel on to the periphery (200 m wide channels) of 
the device allow annealing and template extension to occur. When the droplets move back to the 
centre, the DNA is denatured and a new cycle begins. The whole process is finished after 34 
cycles, in which the droplets move out off the device through the outlet (F). Reproduced from 
reference 129.  
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1.1.6.9 Titration 
 
Droplet-based microfluidic systems have also been applied for titration analysis. The 
neutralisation of formic acid with disodium hydrogen phosphate has been presented to 
demonstrate such ability129. Formic acid droplets containing an indicator dye were titrated by 
injecting disodium hydrogen phosphate into the droplets. The reaction was followed by 
observing colour changes of the indicator to signify the end point and flow rates were 
changed to complete the reaction. In addition, a droplet approach was used for the titration of 
an anticoagulant130. Droplets containing an anticoagulant were titrated into blood samples in 
order to measure clotting times using the activated partial thromboplastin time test (APTT), a 
traditional method for blood clotting analysis. The results from the droplet system were found 
to be consistent with those from the clinical laboratory.  
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1.2 PROJECT AIM 
 
As droplets are become increasingly useful for a variety of analytical applications, the 
techniques and methods for droplet formation, manipulation and detection are continuously 
studied and improved upon to develop, prepare, manipulate and implement droplet systems 
for real-world applications. Since droplets can be controllably produced with variable reagent 
compositions at high generation frequencies (1 kHz or above), on-line detection and 
characterisation of every high-speed droplet is one of the most interesting challenges 
associated with droplet measurements. The ability to extract information from each droplet 
microreactor is crucial for droplet microfluidic applications in high-throughput analysis and 
screening. The exploitation of droplet systems in high-throughput applications is 
compromised without appropriate detection techniques to extract and utilise the vast amount 
of information produced. Accordingly, highly efficient detection methods play a crucial role 
in realising the potential of droplet-based microfluidics. Various detection methods have been 
used to characterise droplets and their contents. These include fluorescence spectroscopy131, 
mass spectrometry93, Raman spectroscopy94,132, electrochemical detection133 and X-ray 
diffraction64,67. To date, fluorescence has been the most attractive choice for droplet detection 
due to its high sensitivity. In addition, fluorescence detection techniques are non-invasive and 
do not destroy or interfere with the sample under investigation. Most of the recent work in 
this field has been focused on capturing fluorescence images using high speed CCD cameras. 
Unfortunately, lack of sensitivity is the primary issue for the CCD cameras to capture and 
interrogate each droplet when compared to photomultiplier tubes (PMTs). With high 
sensitivity and fast response times, PMTs or avalanche photodiode detectors (APDs), are 
ideally suited for fluorescence-based analysis of droplet contents. 
 
In this thesis, confocal fluorescence spectroscopy has been used to demonstrate a novel 
detection platform for droplet-based microfluidics. A custom built confocal spectroscopic 
system was coupled with microfluidic devices to conduct high-throughput droplet 
experiments. The integration of such a confocal system allows for online characterisation of 
individual droplets in terms of their size, formation frequency, fluorescence intensity and 
contents.  
 
Initially, the custom built confocal fluorescence detection system coupled with a droplet 
system was characterised and optimised for droplet detection (Chapter 3). Then, the 
integrated system was exploited to perform chemical and biological processing in a high-
throughput manner. First of all, the droplet system was utilised to demonstrate high-
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throughput single cell encapsulation, characterisation and quantification (Chapter 4). In 
addition, high-throughput DNA binding assays and kinetic measurements using a well-known 
streptavidin-biotin binding model were performed to demonstrate the ability of droplet 
microfluidics for biological assays (Chapter 5). Furthermore, a novel approach for 
fluorescence lifetime imaging (FLIM) was developed and used to analyse mixing patterns 
within droplets (Chapter 6). Specifically, data from FLIM measurements were extracted to 
determine spatially localised fluorescence lifetimes within droplets and thus helped to build 
up a two dimensional map of droplet mixing. Finally, this droplet technology was applied for 
biological analysis at the single molecule level (Chapter 7). 
 
The applications of droplet-based microfluidics integrated with confocal fluorescence 
detection addressed in this thesis exploit only a few aspects of droplet capabilities. However, 
these examples clearly demonstrate how droplet-based microfluidic systems may define a 
new platform technology for high-throughput biology and chemistry in the 21st century. 
 
 
 
 
 
 
 
Introduction   Chapter I 
 42 
1.3 REFERENCES 
 
(1) Manz, A.; Graber, N.; Widmer, H. M. Sensors and Actuators B-Chemical 1990, 1, 
244-248. 
(2) deMello, A. J. Nature 2006, 442, 394-402. 
(3) Whitesides, G. M. Nature 2006, 442, 368-373. 
(4) Ohno, K.; Tachikawa, K.; Manz, A. Electrophoresis 2008, 29, 4443-4453. 
(5) Dittrich, P. S.; Manz, A. Nature Reviews Drug Discovery 2006, 5, 210-218. 
(6) Pihl, J.; Karlsson, M.; Chiu, D. T. Drug Discovery Today 2005, 10, 1377-1383. 
(7) Kang, L. F.; Chung, B. G.; Langer, R.; Khademhosseini, A. Drug Discovery Today 
2008, 13, 1-13. 
(8) Ismagilov, R. F.; Stroock, A. D.; Kenis, P. J. A.; Whitesides, G.; Stone, H. A. Applied 
Physics Letters 2000, 76, 2376-2378. 
(9) Reyes, D. R.; Iossifidis, D.; Auroux, P. A.; Manz, A. Analytical Chemistry 2002, 74, 
2623-2636. 
(10) Auroux, P. A.; Iossifidis, D.; Reyes, D. R.; Manz, A. Analytical Chemistry 2002, 74, 
2637-2652. 
(11) Stroock, A. D.; Dertinger, S. K. W.; Ajdari, A.; Mezic, I.; Stone, H. A.; Whitesides, 
G. M. Science 2002, 295, 647-651. 
(12) Song, H.; Tice, J. D.; Ismagilov, R. F. Angewandte Chemie-International Edition 
2003, 42, 768-772. 
(13) Teh, S. Y.; Lin, R.; Hung, L. H.; Lee, A. P. Lab on a Chip 2008, 8, 198-220. 
(14) Song, H.; Chen, D. L.; Ismagilov, R. F. Angewandte Chemie-International Edition 
2006, 45, 7336-7356. 
(15) Tice, J. D.; Song, H.; Lyon, A. D.; Ismagilov, R. F. Langmuir 2003, 19, 9127-9133. 
(16) Cygan, Z. T.; Cabral, J. T.; Beers, K. L.; Amis, E. J. Langmuir 2005, 21, 3629-3634. 
(17) Okushima, S.; Nisisako, T.; Torii, T.; Higuchi, T. Langmuir 2004, 20, 9905-9908. 
(18) Nisisako, T. Chemical Engineering & Technology 2008, 31, 1091-1098. 
(19) Seo, M.; Paquet, C.; Nie, Z. H.; Xu, S. Q.; Kumacheva, E. Soft Matter 2007, 3, 986-
992. 
(20) Chu, L. Y.; Utada, A. S.; Shah, R. K.; Kim, J. W.; Weitz, D. A. Angewandte Chemie-
International Edition 2007, 46, 8970-8974. 
(21) Shah, R. K.; Shum, H. C.; Rowat, A. C.; Lee, D.; Agresti, J. J.; Utada, A. S.; Chu, L. 
Y.; Kim, J. W.; Fernandez-Nieves, A.; Martinez, C. J.; Weitz, D. A. Materials Today 
2008, 11, 18-27. 
(22) Squires, J. E. Science 2002, 295, 1002-1005. 
(23) Xia, Y.; Whitesides, G. M. Angewandte Chemie-International Edition 1998, 37, 550-
575. 
(24) Carroll, N. J.; Rathod, S. B.; Derbins, E.; Mendez, S.; Weitz, D. A.; Petsev, D. N. 
Langmuir 2008, 24, 658-661. 
(25) Huebner, A.; Olguin, L. F.; Bratton, D.; Whyte, G.; Huck, W. T.; DeMello, A. J.; 
Edel, J. B. Analytical Chemistry 2008, 10, 3890-3896. 
(26) Liu, K.; Ding, H. J.; Chen, Y.; Zhao, X. Z. Microfluidics and Nanofluidics 2007, 3, 
239-243. 
(27) Holtze, C.; Rowat, A. C.; Agresti, J. J.; Hutchison, J. B.; Angile, F. E.; Schmitz, C. H. 
J.; Koster, S.; Duan, H.; Humphry, K. J.; Scanga, R. A.; Johnson, J. S.; Pisignano, D.; 
Weitz, D. A. Lab on a Chip 2008, 8, 1632-1639. 
(28) Bringer, M. R.; Gerdts, C. J.; Song, H.; Tice, J. D.; Ismagilov, R. F. Philosophical 
Transactions of the Royal Society of London Series a-Mathematical Physical and 
Engineering Sciences 2004, 362, 1087-1104. 
(29) Song, H.; Bringer, M. R.; Tice, J. D.; Gerdts, C. J.; Ismagilov, R. F. Applied Physics 
Letters 2003, 83, 4664-4666. 
Introduction   Chapter I 
 43 
(30) Liau, A.; Karnik, R.; Majumdar, A.; Cate, J. H. D. Analytical Chemistry 2005, 77, 
7618-7625. 
(31) Muradoglu, M.; Stone, H. A. Physics of Fluids 2005, 17, 073305. 
(32) Gunther, A.; Jensen, K. F. Lab on a Chip 2007, 7, 935-935. 
(33) Thorsen, T.; Roberts, R. W.; Arnold, F. H.; Quake, S. R. Physical Review Letters 
2001, 86, 4163-4166. 
(34) Anna, S. L.; Bontoux, N.; Stone, H. A. Applied Physics Letters 2003, 82, 364-366. 
(35) Garstecki, P.; Gitlin, I.; DiLuzio, W.; Whitesides, G. M.; Kumacheva, E.; Stone, H. 
A. Applied Physics Letters 2004, 85, 2649-2651. 
(36) Chan, E. M.; Alivisatos, A. P.; Mathies, R. A. Journal of the American Chemical 
Society 2005, 127, 13854-13861. 
(37) Tan, Y. C.; Cristini, V.; Lee, A. P. Sensors and Actuators B-Chemical 2006, 114, 
350-356. 
(38) Yobas, L.; Martens, S.; Ong, W. L.; Ranganathan, N. Lab on a Chip 2006, 6, 1073-
1079. 
(39) Huebner, A.; Sharma, S.; Srisa-Art, M.; Hollfelder, F.; Edel, J. B.; deMello, A. J. Lab 
on a chip 2008, 8, 1244-1254. 
(40) Tan, Y. C.; Fisher, J. S.; Lee, A. I.; Cristini, V.; Lee, A. P. Lab on a Chip 2004, 4, 
292-298. 
(41) Tan, Y. C.; Ho, Y. L.; Lee, A. P. Microfluidics and Nanofluidics 2007, 3, 495-499. 
(42) Bremond, N.; Thiam, A. R.; Bibette, J. Physical Review Letters 2008, 100, 024501. 
(43) Hung, L. H.; Choi, K. M.; Tseng, W. Y.; Tan, Y. C.; Shea, K. J.; Lee, A. P. Lab on a 
Chip 2006, 6, 174-178. 
(44) Kohler, J. M.; Henkel, T.; Grodrian, A.; Kirner, T.; Roth, M.; Martin, K.; Metze, J. 
Chemical Engineering Journal 2004, 101, 201-216. 
(45) Niu, X.; Giulati, S.; Edel, J. B.; deMello, A. J. Lab on a chip 2008, 8, 1837-1841. 
(46) Fidalgo, L. M.; Abell, C.; Huck, W. T. S. Lab on a Chip 2007, 7, 984-986. 
(47) Link, D. R.; Grasland-Mongrain, E.; Duri, A.; Sarrazin, F.; Cheng, Z. D.; Cristobal, 
G.; Marquez, M.; Weitz, D. A. Angewandte Chemie-International Edition 2006, 45, 
2556-2560. 
(48) Frenz, L.; El Harrak, A.; Pauly, M.; Begin-Colin, S.; Griffiths, A. D.; Baret, J. C. 
Angewandte Chemie-International Edition 2008, 47, 6817-6820. 
(49) Priest, C.; Herminghaus, S.; Seemann, R. Applied Physics Letters 2006, 89, 134101. 
(50) Ahn, K.; Agresti, J.; Chong, H.; Marquez, M.; Weitz, D. A. Applied Physics Letters 
2006, 88, 264105. 
(51) Frenz, L.; Blouwolff, J.; Griffiths, A. D.; Baret, J. C. Langmuir 2008, 24, 12073-
12076. 
(52) Garstecki, P.; Fuerstman, M. J.; Stone, H. A.; Whitesides, G. M. Lab on a Chip 2006, 
6, 437-446. 
(53) Adamson, D. N.; Mustafi, D.; Zhang, J. X. J.; Zheng, B.; Ismagilov, R. F. Lab on a 
Chip 2006, 6, 1178-1186. 
(54) Link, D. R.; Anna, S. L.; Weitz, D. A.; Stone, H. A. Physical Review Letters 2004, 
92, 054503. 
(55) De Menech, M. Physical Review E 2006, 73, 031505. 
(56) Menetrier-Deremble, L.; Tabeling, P. Physical Review E 2006, 74, 035303. 
(57) Tan, Y. C.; Lee, A. P. Lab on a Chip 2005, 5, 1178-1183. 
(58) Tan, Y. C.; Ho, Y. L.; Lee, A. P. Microfluidics and Nanofluidics 2008, 4, 343-348. 
(59) Baroud, C. N.; Delville, J. P.; Gallaire, F.; Wunenburger, R. Physical Review E 2007, 
75, 046302. 
(60) Clausell-Tormos, J.; Lieber, D.; Baret, J. C.; El-Harrak, A.; Miller, O. J.; Frenz, L.; 
Blouwolff, J.; Humphry, K. J.; Koster, S.; Duan, H.; Holtze, C.; Weitz, D. A.; 
Griffiths, A. D.; Merten, C. A. Chemistry & Biology 2008, 15, 875-875. 
(61) Song, H.; Ismagilov, R. F. Journal of the American Chemical Society 2003, 125, 
14613-14619. 
Introduction   Chapter I 
 44 
(62) Zheng, B.; Roach, L. S.; Ismagilov, R. F. Journal of the American Chemical Society 
2003, 125, 11170-11171. 
(63) Zheng, B.; Tice, J. D.; Ismagilov, R. F. Analytical Chemistry 2004, 76, 4977-4982. 
(64) Zheng, B.; Tice, J. D.; Roach, L. S.; Ismagilov, R. F. Angewandte Chemie-
International Edition 2004, 43, 2508-2511. 
(65) Zheng, B.; Tice, J. D.; Ismagilov, R. F. Advanced Materials 2004, 16, 1365-1368. 
(66) Yadav, M. K.; Gerdts, C. J.; Sanishvili, R.; Smith, W. W.; Roach, L. S.; Ismagilov, R. 
F.; Kuhn, P.; Stevens, R. C. Journal of Applied Crystallography 2005, 38, 900-905. 
(67) Zheng, B.; Gerdts, C. J.; Ismagilov, R. F. Current Opinion in Structural Biology 
2005, 15, 548-555. 
(68) Chen, D. L.; Gerdts, C. J.; Ismagilov, R. F. Journal of the American Chemical Society 
2005, 127, 9672-9673. 
(69) Gerdts, C. J.; Tereshko, V.; Yadav, M. K.; Dementieva, I.; Collart, F.; Joachimiak, 
A.; Stevens, R. C.; Kuhn, P.; Kossiakoff, A.; Ismagilov, R. F. Angewandte Chemie-
International Edition 2006, 45, 8156-8160. 
(70) Li, L.; Mustafi, D.; Fu, Q.; Tereshko, V.; Chen, D. L. L.; Tice, J. D.; Ismagilov, R. F. 
Proceedings of the National Academy of Sciences of the United States of America 
2006, 103, 19243-19248. 
(71) Griffiths, A. D.; Tawfik, D. S. Trends in Biotechnology 2006, 24, 395-402. 
(72) Kelly, B. T.; Baret, J. C.; Taly, V.; Griffiths, A. D. Chemical Communications 2007, 
1773-1788. 
(73) Taly, V.; Kelly, B. T.; Griffiths, A. D. Chembiochem 2007, 8, 263-272. 
(74) Chen, D. L. L.; Ismagilov, R. F. Current Opinion in Chemical Biology 2006, 10, 226-
231. 
(75) Zheng, B.; Ismagilov, R. F. Angewandte Chemie-International Edition 2005, 44, 
2520-2523. 
(76) Dittrich, P. S.; Jahnz, M.; Schwille, P. Chembiochem 2005, 6, 811-814. 
(77) Courtois, F.; Olguin, L. F.; Whyte, G.; Bratton, D.; Huck, W. T. S.; Abell, C.; 
Hollfelder, F. Chembiochem 2008, 9, 439-446. 
(78) Chen, D. L. L.; Li, L.; Reyes, S.; Adamson, D. N.; Ismagilov, R. F. Langmuir 2007, 
23, 2255-2260. 
(79) Li, L.; Boedicker, J. Q.; Ismagilov, R. F. Analytical Chemistry 2007, 79, 2756-2761. 
(80) Boedicker, J. Q.; Li, L.; Kline, T. R.; Ismagilov, R. F. Lab on a Chip 2008, 8, 1265-
1272. 
(81) Kline, T. R.; Runyon, M. K.; Pothiawala, M.; Ismagilov, R. F. Analytical Chemistry 
2008, 80, 6190-6197. 
(82) He, M. Y.; Edgar, J. S.; Jeffries, G. D. M.; Lorenz, R. M.; Shelby, J. P.; Chiu, D. T. 
Analytical Chemistry 2005, 77, 1539-1544. 
(83) Edd, J. F.; Di Carlo, D.; Humphry, K. J.; Koster, S.; Irimia, D.; Weitz, D. A.; Toner, 
M. Lab on a Chip 2008, 8, 1262-1264. 
(84) Chabert, M.; Viovy, J. L. Proceedings of the National Academy of Sciences of the 
United States of America 2008, 105, 3191-3196. 
(85) Koster, S.; Angile, F. E.; Duan, H.; Agresti, J. J.; Wintner, A.; Schmitz, C.; Rowat, A. 
C.; Merten, C. A.; Pisignano, D.; Griffiths, A. D.; Weitz, D. A. Lab on a chip 2008, 8, 
1110-1115. 
(86) Nisisako, T.; Okushima, S.; Torii, T. Soft Matter 2005, 1, 23-27. 
(87) Utada, A. S.; Lorenceau, E.; Link, D. R.; Kaplan, P. D.; Stone, H. A.; Weitz, D. A. 
Science 2005, 308, 537-541. 
(88) Lorenceau, E.; Utada, A. S.; Link, D. R.; Cristobal, G.; Joanicot, M.; Weitz, D. A. 
Langmuir 2005, 21, 9183-9186. 
(89) Shum, H. C.; Kim, J. W.; Weitz, D. A. Journal of the American Chemical Society 
2008, 130, 9543-9549. 
(90) Shum, H. C.; Lee, D.; Yoon, I.; Kodger, T.; Weitz, D. A. Langmuir 2008, 24, 7651-
7653. 
(91) Lee, D.; Weitz, D. A. Advanced Materials 2008, 20, 3498-3503. 
Introduction   Chapter I 
 45 
(92) Huang, S. H.; Tan, W. H.; Tseng, F. G.; Takeuchi, S. Journal of Micromechanics and 
Microengineering 2006, 16, 2336-2344. 
(93) Hatakeyama, T.; Chen, D. L. L.; Ismagilov, R. F. Journal of the American Chemical 
Society 2006, 128, 2518-2519. 
(94) Barnes, S. E.; Cygan, Z. T.; Yates, J. K.; Beers, K. L.; Amis, E. J. Analyst 2006, 131, 
1027-1033. 
(95) Hung, L. H.; Lin, R.; Lee, A. P. Lab on a Chip 2008, 8, 983-987. 
(96) Gerdts, C. J.; Sharoyan, D. E.; Ismagilov, R. F. Journal of the American Chemical 
Society 2004, 126, 6327-6331. 
(97) Shestopalov, I.; Tice, J. D.; Ismagilov, R. F. Lab on a Chip 2004, 4, 316-321. 
(98) Tan, W. H.; Takeuchi, S. Advanced Materials 2007, 19, 2696-2701. 
(99) Huang, K. S.; Lai, T. H.; Lin, Y. C. Lab on a Chip 2006, 6, 954-957. 
(100) Zhang, H.; Tumarkin, E.; Peerani, R.; Nie, Z.; Sullan, R. M. A.; Walker, G. C.; 
Kumacheva, E. Journal of the American Chemical Society 2006, 128, 12205-12210. 
(101) Choi, C. H.; Jung, J. H.; Rhee, Y. W.; Kim, D. P.; Shim, S. E.; Lee, C. S. Biomedical 
Microdevices 2007, 9, 855-862. 
(102) Xu, J. H.; Li, S. W.; Tan, J.; Luo, G. S. Chemical Engineering & Technology 2008, 
31, 1223-1226. 
(103) Liu, K.; Ding, H. J.; Liu, J.; Chen, Y.; Zhao, X. Z. Langmuir 2006, 22, 9453-9457. 
(104) Shintaku, H.; Kuwabara, T.; Kawano, S.; Suzuki, T.; Kanno, I.; Kotera, H. 
Microsystem Technologies-Micro-and Nanosystems-Information Storage and 
Processing Systems 2007, 13, 951-958. 
(105) Um, E.; Lee, D. S.; Pyo, H. B.; Park, J. K. Microfluidics and Nanofluidics 2008, 5, 
541-549. 
(106) Nisisako, T.; Torii, T.; Higuchi, T. Chemical Engineering Journal 2004, 101, 23-29. 
(107) Nie, Z. H.; Xu, S. Q.; Seo, M.; Lewis, P. C.; Kumacheva, E. Journal of the American 
Chemical Society 2005, 127, 8058-8063. 
(108) De Geest, B. G.; Urbanski, J. P.; Thorsen, T.; Demeester, J.; De Smedt, S. C. 
Langmuir 2005, 21, 10275-10279. 
(109) Yang, C. H.; Huang, K. S.; Chang, J. Y. Biomedical Microdevices 2007, 9, 253-259. 
(110) Zourob, M.; Mohr, S.; Mayes, A. G.; Macaskill, A.; Perez-Moral, N.; Fielden, P. R.; 
Goddard, N. J. Lab on a Chip 2006, 6, 296-301. 
(111) Lewis, P. C.; Graham, R. R.; Nie, Z. H.; Xu, S. Q.; Seo, M.; Kumacheva, E. 
Macromolecules 2005, 38, 4536-4538. 
(112) Seo, M.; Nie, Z. H.; Xu, S. Q.; Mok, M.; Lewis, P. C.; Graham, R.; Kumacheva, E. 
Langmuir 2005, 21, 11614-11622. 
(113) Serra, C.; Berton, N.; Bouquey, M.; Prat, L.; Hadziioannou, G. Langmuir 2007, 23, 
7745-7750. 
(114) Xu, S. Q.; Nie, Z. H.; Seo, M.; Lewis, P.; Kumacheva, E.; Stone, H. A.; Garstecki, P.; 
Weibel, D. B.; Gitlin, I.; Whitesides, G. M. Angewandte Chemie-International 
Edition 2005, 44, 724-728. 
(115) Bouquey, M.; Serra, C.; Berton, N.; Prat, L.; Hadziioannou, G. Chemical Engineering 
Journal 2008, 135, S93-S98. 
(116) Kim, J. W.; Utada, A. S.; Fernandez-Nieves, A.; Hu, Z. B.; Weitz, D. A. Angewandte 
Chemie-International Edition 2007, 46, 1819-1822. 
(117) Abraham, S.; Jeong, E. H.; Arakawa, T.; Shoji, S.; Kim, K. C.; Kim, I.; Go, J. S. Lab 
on a Chip 2006, 6, 752-756. 
(118) Tan, Y. C.; Hettiarachchi, K.; Siu, M.; Pan, Y. P. Journal of the American Chemical 
Society 2006, 128, 5656-5658. 
(119) Chen, H.; Fang, Q.; Yin, X. F.; Fang, Z. L. Lab on a Chip 2005, 5, 719-725. 
(120) Shen, H.; Fang, Q.; Fang, Z. L. Lab on a Chip 2006, 6, 1387-1389. 
(121) Kumemura, M.; Korenaga, T. Analytica Chimica Acta 2006, 558, 75-79. 
(122) Mary, P.; Studer, V.; Tabeling, P. Analytical Chemistry 2008, 80, 2680-2687. 
(123) Wang, W. H.; Zhang, Z. L.; Xie, Y. N.; Wang, L.; Yi, S.; Liu, K.; Liu, J.; Pang, D. 
W.; Zhao, X. Z. Langmuir 2007, 23, 11924-11931. 
Introduction   Chapter I 
 46 
(124) Chabert, M.; Dorfman, K. D.; de Cremoux, P.; Roeraade, J.; Viovy, J. L. Analytical 
Chemistry 2006, 78, 7722-7728. 
(125) Beer, N. R.; Hindson, B. J.; Wheeler, E. K.; Hall, S. B.; Rose, K. A.; Kennedy, I. M.; 
Colston, B. W. Analytical Chemistry 2007, 79, 8471-8475. 
(126) Beer, N. R.; Wheeler, E. K.; Lee-Houghton, L.; Watkins, N.; Nasarabadi, S.; Hebert, 
N.; Leung, P.; Arnold, D. W.; Bailey, C. G.; Colston, B. W. Analytical Chemistry 
2008, 80, 1854-1858. 
(127) Kumaresan, P.; Yang, C. J.; Cronier, S. A.; Blazei, R. G.; Mathies, R. A. Analytical 
Chemistry 2008, 80, 3522-3529. 
(128) Schaerli, Y.; Wootton, R. C.; Robinson, T.; Stein, V.; Dunsby, C.; Neil, M. A. A.; 
French, P. M. W.; deMello, A. J.; Abell, C.; Hollfelder, F. Analytical Chemistry 2009, 
81, 302-306. 
(129) Henkel, T.; Bermig, T.; Kielpinski, M.; Grodrian, A.; Metze, J.; Kohler, J. M. 
Chemical Engineering Journal 2004, 101, 439-445. 
(130) Song, H.; Li, H. W.; Munson, M. S.; Van Ha, T. G.; Ismagilov, R. F. Analytical 
Chemistry 2006, 78, 4839-4849. 
(131) Edgar, J. S.; Pabbati, C. P.; Lorenz, R. M.; He, M. Y.; Fiorini, G. S.; Chiu, D. T. 
Analytical Chemistry 2006, 78, 6948-6954. 
(132) Cristobal, G.; Arbouet, L.; Sarrazin, F.; Talaga, D.; Bruneel, J. L.; Joanicot, M.; 
Servant, L. Lab on a Chip 2006, 6, 1140-1146. 
(133) Luo, C. X.; Yang, X. J.; Fu, O.; Sun, M. H.; Ouyang, Q.; Chen, Y.; Ji, H. 
Electrophoresis 2006, 27, 1977-1983. 
 
 
  
-2- 
 
METHODOLOGY 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-You cannot depend on your eyes when your imagination is out of focus- 
Mark Twain 
“In this chapter, an introduction to confocal fluorescence microscopy is 
provided. A confocal fluorescence detection system, built to conduct droplet 
analysis, is described in detail. The experimental setup to perform droplet 
measurements using this confocal system is also provided. Additionally, the 
principles and methods for microfluidic device fabrication are explained.” 
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2.1 BASIC PRINCIPLES 
 
2.1.1 Fluorescence 
 
Fluorescence is a luminescence phenomenon, in which a molecule previously excited to an 
excited vibronic energy level returns to its ground state via the emission of a photon. In 
condensed media, the wavelength of the emission spectrum is always longer than that of 
absorption spectrum
1,2
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 A modified Jablonski diagram. S0 denotes the ground electronic state, while S1 represents the first 
excited electronic state. 
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The fluorescence process can be explained using a modified Jablonski diagram, as shown in 
Figure 2.1. The singlet ground electronic state is depicted by S0, while S1 defines the first 
excited singlet state. For each electronic state, there are various vibrational energy levels 
shown as 0, 1, 2, etc. When a fluorescent molecule absorbs a photon, it is excited from the 
ground state (S0) to one of the various vibrational energy levels in the excited state. Normally, 
the energy in an excited state decays rapidly via vibrational relaxation until the excited 
species reaches the lowest vibrational level of the excited state. This process generally occurs 
in 10
-12
-10
-10
 s and is complete prior to fluorescence emission. The excited molecule in the 
lowest vibrational energy level of S1 can return to the ground electronic state (S0) via the 
emission of a photon on a timescale of 10
-10
-10
-6
 s. One of the interesting features of 
fluorescence is that the emission spectrum is often a mirror image
1
. Furthermore, the emission 
spectrum is normally shifted to longer wavelengths (Stokes shift) due to energy losses 
between excitation and emission, commonly caused by vibrational relaxation during an 
emission process
1
.  
 
2.1.2 Confocal Fluorescence Spectroscopy 
 
Pioneered by Marvin Minsky in 1957
3
, confocal microscopy has been extensively exploited in 
biological research and single molecule detection (SMD). Essentially, a confocal microscope 
only detects light from a focal plane or point and rejects out-of-focus light
4
. To accomplish 
this, a pinhole plays a crucial role in blocking the light from out-of-focus regions. Figure 2.2 
schematically depicts a conventional confocal microscope. In simple terms, an object in the 
focal probe volume is illuminated and emits fluorescence which passes through the pinhole 
and onto a detector. Although, any object that is out of the focal plane may be excited by the 
light source, most of the signal (emitted light) is blocked by the pinhole. Accordingly, only 
light from the object in the focal plane will pass through the pinhole and be detected
5
. Hence, 
confocal microscopy provides very sharp images and extremely high resolution and 
sensitivity because background light from other sample regions is reduced. The main 
components of a confocal fluorescence microscope are a light source, an objective lens, a 
filter set, a pinhole and a detector. 
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Figure 2.2 A simple illustration showing how a confocal microscope works. A pinhole is essential to block 
out-of-focus light, resulting in low background noise. Adapted from reference 6. 
 
 
 
2.2 THE ANATOMY OF CONFOCAL DETECTION SYSTEM 
 
A confocal fluorescence detection system was built and developed for the droplet-based 
experiments described in this thesis. The detection system is a combination of an Olympus 
IX71 microscope (Olympus UK Ltd, UK) and a custom built confocal fluorescence 
spectrometer. Figure 2.33 shows a schematic of this custom built confocal system used for 
droplet experiments. The main components of this setup include laser sources, beam steering 
optics, an optical filter set installed within the microscope, an objective lens, a pinhole, 
detectors and a data acquisition unit. Images of the system are presented in Figure 2.44. 
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2.2.1 Light Source 
 
Lasers are commonly employed in confocal microscopy as they possess Gaussian beam 
profiles, a high degree of monochromaticity, high brightness and a wide range of 
wavelengths. The operating mode of lasers can be either continuous wave (CW) or pulsed. 
CW lasers emit radiation continuously and have an output which is relatively constant over 
time, while pulsed lasers radiate periodically at a repetitive rate. The width of the output pulse 
can be as short as a few femtoseconds for high repetition rates
1
. Pulsed lasers are useful for 
experiments requiring a short pulse of light for excitation, such as time-resolved fluorescence 
spectroscopy. This technique will be discussed in Chapter 6. In the visible region, argon ion 
and solid state lasers are widely used as light sources because they irradiate excitation light at 
488 nm, which is compatible with many fluorophores. 
 
There are three laser sources installed on the setup shown in Figure 2.33 and Figure 2.4. 
These lasers are a 438 nm pulsed diode laser (5mW, PicoQuant GmbH, Germany), a CW 488 
nm sapphire laser (10 mW, Coherent UK Ltd, UK) and a CW 632.8 nm HeNe (1.5 mW, 
Thorlabs, Ltd, UK). However, the principal laser source is the 488 nm diode laser, which was 
used for the majority of droplet experiments. As the principal light source, the 488 nm laser 
path is used as the main path for other laser beams to be aligned with. The three laser beams 
coincide into one light path. The incorporation of these three lasers enables two-colour 
excitation (with the 488 and 632.8 nm lasers) and time-resolved scanning confocal 
fluorescence measurements (using the 438 nm pulsed laser). Through use of two APDs, this 
setup is also capable of two-colour detection. 
 
The laser intensity can be attenuated using neutral density filters which are designed to 
attenuate all wavelengths of light equally. The attenuation or blocking level is defined in a 
unit of ‘optical density (OD)’, which is a synonym of absorbance8; 
 
                                                      






100
%
loglog
T
TOD                                                 (2.1) 
 
From this logarithmic relation, if a 2 OD filter is used for attenuation, the intensity of light 
will be decreased 100 times or 2 orders of magnitude. A neutral density filter set is housed in 
a filter wheel (FW2A, Thorlabs, Ltd, UK).  
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2.2.2 Beam Steering Optics 
 
The laser beams are aligned and directed into the microscope body using beam steering optics 
mounted on an optical table (Thorlabs, Ltd, UK). These optical components include mirrors, a 
dichroic mirror, irises and a beam expander. The mirrors are used to control beam direction 
by means of reflection. All mirrors (M: BB1-E02, Thorlabs, Ltd, UK) are mounted using 
kinematic mirror mounts (KM100, Thorlabs, Ltd, UK), which allow for fine alignment and 
adjustment of the laser beam in both vertical and horizontal directions. The mounted mirrors 
sit on 1-inch diameter pedestal pillar posts (RS2P/M, 50 mm length, Thorlabs, Ltd, UK), 
which are mounted onto the optical table using clamping forks (CF125, Thorlabs, Ltd, UK) 
The mounted mirrors are positioned at 45 to obtain a straight beam path. By using an iris (I1: 
ID20, Thorlabs, Ltd, UK) as a reference point, the height and direction of the light path can be 
controlled. Initially, the centre of the iris diaphragm is set for the height of the laser beam at 
the laser exit slit and all laser beams are then adjusted and directed through the iris diaphragm 
centre.  
 
Put simply, the beam steering components are divided into two groups; ‘1st part optics’ (M1, 
M2, M3, DC1 & FM) and ‘2nd part optics’ (BE, M4 & M5). The 1st and 2nd parts define 
optics positioned before and after an identical beam path, respectively. The details of these 
two parts are described below. 
 
2.2.2.1 1st Part Optics  
 
A schematic and an image of the ‘1st part optics’ are shown in Figure 2.5. As three lasers are 
incorporated into the setup, they are brought into a joint (main) light path (subsequent to FM) 
before being directed into the microscope. Laser alignment is firstly performed with the 
principal 488 nm laser and the other two lasers are then aligned with respect to the 488 nm 
laser. The 488 nm laser beam intensity is attenuated using a neutral density filter set housed 
within a filter wheel (FW1: FW2A, Thorlabs, Ltd, UK). A suitable optical density value can 
be selected by rotating the filter wheel. The laser beam is then reflected 90 by a dichroic 
mirror (DC1: z488rdc, Chroma Technology Corp., USA), which is also held in a kinematic 
mirror mount. In general, dichroic mirrors or ‘beamsplitters’ reflect certain wavelengths of 
light and transmit others. Therefore, a 488 nm dichroic mirror is selected to reflect the 488 nm 
laser and transmit longer wavelengths, e.g. the 632.8 nm HeNe laser. The installation of DC1 
allows the 632.8 nm HeNe laser to be integrated into the setup using the same optical path as 
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the main 488 nm laser. The HeNe laser is used for particular applications (including two-
colour excitation), which will be presented and discussed in Chapter 4. The transmission 
spectrum of DC1 is presented in Figure 2.6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 (a) Schematic of the ‘1st part optics’ indicated by green box in Figure 2.3. Optical and dichroic 
mirrors are installed to control and direct the three laser beams into a joint laser path in the ‘2nd 
part optics’. (b) An image of optical components. 
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M1 and M2 are used to align the HeNe laser into the main light path. The HeNe laser 
intensity is attenuated using FW2. The reflected HeNe laser beam from M1 and M2 passes 
through DC1 and coincides with the 488 laser beam. For two-colour excitation experiments, 
the two laser beams are aligned to generate completely overlapping spots that ensure co-
incident excitation of droplets. This is achieved by aligning the two laser spots using an image 
from a CCD camera (Cascade II, Photometrics, UK). After DC1, the laser beams are directed 
through the centre of I1 into a beam expander (BE) in the ‘2nd part optics’. Alignment of the 
laser beams is performed by tweaking the adjusting knobs of the kinematic mirror mounts to 
direct the beams to the centre of I1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 A transmission spectrum of the 488 nm dichroic mirror (DC1: z488rdc, Chroma Technology 
Corp., USA). This dichroic mirror reflects the 488 nm laser, but transmits longer wavelengths. 
The red-dashed line signifies a 488 nm wavelength. 
 
 
In case of the 438 pulsed laser used for time-resolved fluorescence measurements, the laser 
beam is brought into the main light path using M3 and a flip mirror (FM) to reflect the beam. 
The flip mirror is a mounted mirror which is clamped on a flip mount (FM90/M, Thorlabs, 
Ltd, UK). The whole mirror mounting is positioned onto a 12.5 mm long pedestal pillar post 
(RS05P/M, 1 inch diameter, Thorlabs, Ltd, UK). This allows the mirror to be precisely 
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repositioned. Normally, when using the 488 nm or 632.8 HeNe laser, FM is flipped down to 
be positioned outside the beam path and it is simply changed to the up position when the 
pulsed laser is needed. FM brings the pulsed laser beam through the centre of I1 into BE. 
 
2.2.2.2 2nd Part Optics 
 
Figure 2.7 depicts a schematic and a photograph of the ‘2nd part optics’, which is located in 
the red rectangle in Figure 2.33.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 A schematic (a) and an image (b) of the ‘2nd part optics’ indicated by the red box in Figure 2.3. 
All laser beams are aligned into one main laser path before being directed into BE to expand the 
beam. M4 and M5 bring the laser beam into the microscope via I2 & I3.  
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Following FM, all laser paths coincide into one path, the main laser beam path. All laser 
beams then pass through I1 and a 5 beam expander (BE: BE05M-A, Thorlabs, Ltd, UK) 
with a maximum input 1/e
2
 beam diameter of 2.25 mm. Subsequently, the expanded laser 
beam is reflected upwards by M4 and brought into the microscope body by reflection of M5. 
An installation of I2 and I3 after M5 ensures the perfect alignment of the laser beam into the 
microscope, in which an optical filter set is installed for excitation and detection of 
fluorescence samples. 
 
The beam expander is used to minimise the detection probe volume. Using BE, the laser 
beams are expanded five times. For example, the 488 nm laser, which has a 1/e
2
 beam 
diameter of 0.7 mm, will have an approximate beam diameter of 3.5 mm after BE. Expansion 
of the laser beam ensures that the beam nearly fills the entire back aperture of an objective 
lens in order to reduce the laser spot at the focal point. This is necessary when performing 
experiments at the single molecule level. The size of the focused beam after the objective lens 
is inversely proportional to the incident beam diameter into the objective. This will be 
explained in detail in Section 2.2.4.  
 
2.2.3 Optical Filter Set  
 
Optical filters, including dichroic mirrors, excitation and emission filters, play an essential 
role for selecting desired wavelengths of light for excitation and detection. All optical filters 
used in this setup are ‘thin-film interference filters’, which consist of a stack of 
microscopically thin layers of dielectric material coated on a glass substrate
7,8
. The thickness 
of each layer is approximately a quarter of a wavelength of light
8
. The effect of the 
interference of reflected and transmitted light between the layers allows thin-film filters to 
transmit or/and reflect certain wavelengths. This ability depends on the number of the layers, 
the thickness of the each layer and the refractive index of the layer material
7
. With this 
technology, custom-made filters with almost any transmission or blocking range or even 
complex multiband filters can be specifically manufactured. In addition, this technology 
allows the manufacturing of optical filters with sharp transitions between blocking and 
transmission stages. 
 
Typically, optical filters for fluorescence spectroscopy consist of an excitation filter, an 
emission filter and a dichroic mirror. However, when using a laser source, an excitation filter 
is not necessary. Accordingly, only a dichroic mirror and an emission filter are installed in the 
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microscope filter cube in this setup. A dichroic mirror installed in the cube is oriented at 45 
to reflect the incident laser upwards into an objective lens. Fluorescence collected by the same 
objective lens passes through the dichroic and is then filtered by an emission filter. Generally, 
Emission filters or ‘emitters’ allow fluorescence signals from samples to pass through, but 
block excitation light. This filter type is normally used to clean-up residual light from 
excitation. Thus, the emission filter transmits light at longer wavelengths than the excitation 
light. Furthermore, by placing an emission filter in front of a detector, wavelengths to be 
detected can be selected.  
 
As the setup has the ability to perform two colour excitation using 488 and 632.8 nm lasers, a 
custom-made dual-band dichroic mirror (DC2: z488/633rdc, Chroma Technology 
Corporation, USA) and a custom-made dual-band emission filter (EM1: z488/635, Chroma 
Technology Corp., USA) are implemented to permit simultaneous two colour excitation by 
488 nm and 632.8 nm and allow for fluorescence emission from both excitation wavelengths. 
The orientation of the filter set in the microscope and emission spectra of the filters are shown 
in Figure 2.8 and Figure 2.9, respectively. The laser beam reflected from M5 is directed into 
the microscope through I2 and I3. DC2, oriented at 45 inside the microscope cube, reflects 
the laser beam upwards into an objective lens. As seen in Figure 2.9, this dichroic mirror is 
designed to reflect both 488 nm and 632.8 nm lasers. Fluorescence emitted by samples is 
collected by the same objective and transmitted through DC2. Any residual excitation light is 
removed using EM1, positioned beneath DC2. From the spectrum shown in Figure 2.9, EM1 
blocks the 488 nm and 632.8 nm excitation wavelengths and transmits all others. The 
fluorescence is sent out of the microscope through the left detection port of the microscope 
towards a pinhole. A combined adapter between a camera adapter tube (U-TV1X-2, Olympus 
UK Ltd, UK) and a C-mount adapter (U-CMAD3, Olympus UK Ltd, UK) is used to connect 
the microscope port with a pinhole holder, as shown in Figure 2.10. 
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Figure 2.8  (a) Schematic of the orientation of a filter set (a dichroic mirror and an emission filter) installed in a 
fluorescence filter cube of the inverted microscope8. (b) Schematic of optics within the microscope, 
which is shown in the blue rectangle in Figure 2.33. The box in (b) shows the optics in the filter 
cube. 
 
 
 
(a) 
(b) 
Light source 
To objective lens 
To Detector 
Dichroic 
Mirror (DC2) 
Emission filter 
(EM1) 
   From ‘M5’ 
To objective lens 
To detection part 
DC2 
EM1 
MO 
Microscope  
filter cube 
 
Fluorescence 
 
Methodology   Chapter II 
 61 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9 Transmission spectra of a dual band dichroic (DC2) and a dual band emission filter (EM1) for 
488 and 632.8 nm two colour excitation. The filters are from Chroma Technology Corp., USA. 
The light blue and red lines signify wavelengths at 488 and 632.8 nm, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10 A photograph showing the left detection port of the microscope. Fluorescence emission is sent 
through this port onto a pinhole. The port is connected to the pinhole holder using a combined 
adapter. 
Left detection port 
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2.2.4 Objective Lens  
 
An objective lens focuses the laser beam in the sample and collects resulting fluorescence. 
Generally, the profile of the incident beam is considered to be Gaussian
1,9
, as shown in Figure 
2.11. The focused beam radius (r) can be approximated using the following equation
9
; 
 
                                                                   
Rn
f
r


                                                              (2.2) 
 
where  is wavelength of the radiation, f is the focal length of the objective, n is the refractive 
index of the working medium and R is the incident beam radius.  
 
The confocal probe volume (V) can be estimated from the central cylindrical volume (Figure 
2.11b); however, a more accurate model was presented by Hill and deMello to determine the 
probe volume of the Gaussian profile
9
. This approach also considers the curved contour 
around the central cylindrical profile, which is more significant when using high numerical 
aperture objectives and large incident beam diameters (Figure 2.11a). This Gaussian probe 
volume is given by
9
; 
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Here, z is probe volume depth or depth of focus, which is limited by the confocal pinhole and 
generally estimated to be 1.0 m10,11. The first term in this expression correlates to the volume 
of the central cylindrical part and the second term is the additional volume from the curved 
contour. However, the observed probe volume is limited by a confocal pinhole which also 
controls the probe depth.  
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Figure 2.11 Plots of 1/e2 Gaussian intensity contours of the focused beams at different incident beam 
diameters. The larger the incident beam diameter, the tighter the beam waist. (b) The cylindrical 
and curved contours contribute to the Gaussian probe volume. Reproduced from reference 9. 
 
 
It should be noted from Equation 2.2 that the focused spot size is inversely proportional to 
the incident beam diameter. The larger the incident beam diameter, the smaller the focused 
spot (Figure 2.11a). Therefore, applications that need a relatively small probe volume, 
especially single molecule detection (SMD), require a large diameter incident laser beam that 
fills the entire back aperture of the objective lens. Therefore, a beam expander is normally 
incorporated to expand the incident beam diameter, as previously mentioned in Section 
2.2.2.2. 
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A crucial parameter affecting the collection efficiency of objectives is the numerical aperture 
(NA). This describes the half-angle of the maximum cone of light () that can be collected by 
the objective lens
7
 (Figure 2.12a). The NA is defined by; 
 
                                                                  sinNA n                                                         (2.4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12 (a) Schematic describing the half-angle () of the maximum cone of light that can be collected by 
an objective lens. (b) The propagation of light to an objective lens working in an air medium. At 
high angles, light propagates away from the cone due to a refractive index mismatch between 
glass and air. (c) By using oil as a working medium, the propagation out of the cone is eliminated 
due to matching refractive indices. Reproduced from reference 7. 
 
 
A high NA objective lens (NA > 1) is required in confocal microscopy to maximise the 
fluorescence collected from the focal plane. For dry objectives (the working medium being 
air), it is impossible to obtain a higher NA than 1, due to the mismatch in refractive indices of 
the glass coverslip (n = 1.5) and air (n = 1.0). This causes the emitted fluorescence to 
propagate away from the cone (Figure 2.12b), and thus not be collected by the objective lens. 
Accordingly, the NA can be enhanced by increasing the refractive index of the working 
medium to match with that of the cover glass. Hence, an immersion objective, especially oil 
(n = 1.51) or water (n = 1.33), is normally used for confocal microscopy to enhance the 
collection efficiency (Figure 2.12c). Oil immersion objectives with high magnifications (e.g. 
 
(a) (b) 
(c) 
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60 and 100) can provide NA values up to 1.457. However, high NA objectives have short 
working distances (50 – 300 m). Therefore, the thickness of the cover slip must be chosen 
carefully to accommodate the features of the objective.  
 
In this work, a high NA objective lens (Obj: UPlanSApo, 60/1.20 NA, water immersion, 
Olympus, UK) was selected for fluorescence measurements. A water immersion objective is 
preferable to a high NA oil immersion objective due to the close match of refractive indices 
of the working medium and aqueous samples. A photograph of this objective lens is provided 
in Figure 2.13. This 60 objective (f = 3.0 mm) focuses the 488 nm incident laser beam (3.5 
mm diameter) into a spot of 0.4 m in diameter, which defines a probe volume of 1.5 fl 
(calculated using Equations 2.2 and 2.3). This objective has a working distance of 0.28 mm 
with a cover slip correction collar between 0.13 and 0.21 mm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13 The 60x water immersion objective lens (UPlanSApo, Olympus, UK) used in the confocal 
fluorescence measurements of droplets. This objective lens possesses a numerical aperture of 1.2. 
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2.2.5 Pinhole 
 
Within a confocal fluorescence system, the pinhole is essential to reject the out-of-focus light 
(as shown in Figure 2.2) and limit the probe depth. Only light collected from regions very 
close to the focal plane is transmitted through the pinhole, thus improving the signal-to-noise 
ratio. Accordingly, the smaller the pinhole, the better the discrimination against scattered light 
from outside the focal probe volume. However, less light can pass through the detector as the 
pinhole diameter is reduced. Therefore, a high efficiency detector is essential in confocal 
fluorescence measurements. Typically, pinhole diameters range from 25 to 100 m12. 
 
A 75 m precision pinhole (PH: P75S, Thorlabs, Ltd, UK) is selected for the current setup. 
The pinhole is mounted in a XY translation stage (ST1XY-A/M, Thorlabs, Ltd, UK), which is 
connected to the microscope adapter (as seen in Figure 2.14).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14 A photograph of the pinhole holder attached to the microscope adapter and the lens tube 
connecting the pinhole to the detection part. The inset shows an example of a 50 m pinhole 
mounted on a XY translation stage. 
 
The pinhole can be aligned in the x and y directions by adjusting screws on the translation 
stage. The fluorescence emission from the left detection port of the microscope is focused 
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onto the pinhole positioned at the focal plane of the objective lens. Only light from the focal 
plane will pass through the pinhole. A two-stacked lens tube (SM1L30, 3 inch length, 1 inch 
diameter, Thorlabs, Ltd, UK) is attached to the translation stage to serve as a light path to 
direct fluorescence from the pinhole into the detection path. 
 
2.2.6 Detection Path 
 
A schematic and an image of the detection path are illustrated in Figure 2.15. The lens tube 
attached to the pinhole transition stage is connected to a cage cube (C4W, Thorlabs, Ltd, UK). 
A dichroic mirror (DC3: z630rdc, Chroma Technology Corp., USA), which reflects light 
below 630 nm and transmits wavelengths above 630 nm, is installed in the cube to spectrally 
split fluorescence from the pinhole into two detection channels. 
 
To install DC3 in the cage cube, DC3 is held in an optic mount (B5C, Thorlabs, Ltd, UK) and 
the mounted DC3 is then positioned 45 onto a platform ((B3C/M, Thorlabs, Ltd, UK). This 
platform is mounted to the bottom of the cage cube. The cube attached to the platform is 
mounted to the optical table using a pedestal post and a clamping fork. The faces of the cage 
cube are covered to preserve a light-tight environment. The top of the cage cube is covered 
using a blank cover plate (B1C/M, Thorlabs, Ltd, UK) and two faces of the cube are mounted 
to two lens tubes that serve as light paths to detectors. 
 
The fluorescence signal reflected by DC3 is further filtered by an emission filter (EM2: 
hq540/40m, Chroma Technology Corp., USA). EM2 is a bandpass emission filter, which 
transmits wavelengths in a band from 500 nm to 580 nm (green fluorescence) and blocks 
other wavelengths. In the first detection channel (green detector, 500-580nm), the 
fluorescence is focused by a plano-convex lens (L1: LA1951-A, f = 25.4 mm, 25.4 mm 
diameter, Thorlabs, Ltd, UK), mounted inside the lens tube using a retaining ring (SM1RR, 1 
inch diameter, Thorlabs, Ltd, UK), onto an avalanche photodiode detector (APD1: SPCM-
AQR-14, Perkin Elmer, Canada). The Fluorescence that passes through DC3 is filtered by 
another emission filter (EM3: hq640lp, Chroma Technology Corp., USA). This is a longpass 
filter, which transmits wavelengths above 640 nm (red fluorescence). The light is then 
focused by another plano-convex lens (L2: LA1951-A, f = 25.4 mm, 25.4 mm i.d., Thorlabs, 
Ltd, UK) onto another APD (APD2: SPCM-AQR-14, Perkin Elmer, Canada) in the second 
channel (red detector, 640-750 nm). The transmission spectra of the emission filter set (DC2, 
EM2 and EM3) for the detection part are shown in Figure 2.16. The APD detectors are 
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mounted onto XYZ translation stages (PT3/M, Thorlabs, Ltd, UK). This stage allows for fine 
alignment in x, y and z planes. Both APDs are operated in single-photon counting mode and 
have approximate dark counts of 100 counts per second. The APDs convert single photon 
events into TTL (transistor transistor logic) pulses (1 photon equals a TTL pulse of 30 ns 
width and 2.5 volts amplitude). The output signals from the rear BNC connectors of the two 
APDs are sent to the data acquisition unit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.15 Schematic (a) and an image (b) of the detection part. The fluorescence from the pinhole is split 
by DC3 into two detection channels for green and red fluorescence. The inset shows the 
orientation of DC3 in the cube. 

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Since the pinhole significantly reduces the amount of emitted light that is detected, highly 
sensitive detectors are required for confocal microscopy. Typically, the detectors are 
photomultiplier tubes (PMTs), which produce an output current through the process of 
electron amplification of an incident photon impinging on a photocathode
7
. The advantages of 
PMTs include high sensitivity in the visible region, low cost, fast response times and low dark 
counts
1
. However, solid-state semiconductor photodetectors have become increasingly 
popular as photon counting modules
13
. Due to higher photon detection efficiencies and lower 
dark counts, APDs outperform PMTs under low light conditions or at wavelengths above 500 
nm
7
. Incident fluorescence bursts result in TTL outputs from the APD. This type of output 
provides great flexibility for further data analysis using commercial acquisition cards and 
software. In addition, APDs can be operated in single photon counting mode, thus they are 
ideal detectors for single molecule applications
7
.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.16 Transmission Spectra of a filter set for the detection path. DC2 (630dcxr) reflects wavelengths 
below 630 nm, but transmits above 630 nm. Two emission filters, EM2 bandpass emission filter 
(hq540/80m) and EM3 longpass emission filter (hq640lp), are for green and red fluorescence 
detections, respectively. All filters are from Chroma Technology Corp., USA. 
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2.2.7 Data Acquisition Unit 
 
A custom-made programme written by Dr Joshua Edel in LabView (National Instruments, 
UK) is used to control and perform data acquisition. A block diagram showing data 
acquisition is schematically illustrated in Figure 2.17. For data logging, the output signals 
from the rear BNC connectors of the two APDs are coupled to a BNC connector block (BNC 
2121, National Instruments, UK) via BNC cables, as shown in Figure 2.18. By using a BNC 
T-connector, the output signal from the green detector can be also simultaneously sent to an 
acquisition card for time-resolved fluorescence measurements. For general fluorescence 
measurements, the connector block is used and connected to a multifunction data acquisition 
(DAQ) board (PCI 6602, National Instruments, UK), which is installed in a personal 
computer. The PCI 6602 board is a counter/timer device which can count time related events 
from two separated detection channels. When photon events are registered at the APDs, TTL 
pulse trains, which correspond to the number of photons, are generated and sent to the PCI 
6602 board. This counter device then increments the number of registered pulses 
(corresponding to the number of photons) and adds up to the total events within a sampling 
time, which is set before running the acquisition programme. This sampling time, also defined 
as a resolution or a bin time, can be as small as 10 s for this system. The photon count at the 
end of each sampling time is saved in the acquisition card buffer. These raw data are then 
processed and saved onto the computer hard drive. An example of a screenshot of the 
acquisition programme is shown in Figure 2.19. All data obtained from this acquisition 
programme will be subsequently analysed using MatLab. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.17 A schematic block diagram illustrating a data acquisition and processing unit. TTL pulses from 
the APDs are sent to the PCI 6602 board to count events. Data acquisition and processing was 
performed using a LabView programme. 
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Figure 2.18 An image of the BNC connector block for data acquisition. Signals from the APDs are sent to the 
block using BNC cables. The block is connected to the acquisition card installed in the computer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.19 A screenshot of acquisition programme used to control the confocal microscopic measurements. 
The numbers shown in Channel A and Channel B are photon counts per second detected by the 
green and red detectors, respectively. 
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2.3 DATA ANALYSIS 
 
All data obtained from fluorescence droplet measurements using the confocal system were 
statistically analysed using programmes written in MatLab (Mathworks, UK) by Dr Joshua 
Edel. 
 
2.3.1 Defining Fluorescence Bursts 
 
The programme distinguishes and identifies fluorescence bursts from background noise. Since 
the background counts are assumed to exhibit Poisson statistics, the early part of the photon 
counting distribution is modelled with a Poisson distribution
14
. A specific threshold value 
(nthreshold) is set to differentiate photon bursts from the background noise. Analogous to a 
Gaussian distribution, the threshold value can be defined as three standard deviations from the 
mean background count rate (). As the values of the mean and the variance for a Poisson 
distribution are the same, the threshold value can be calculated from the following equation
14
; 
 
                                                        μ3μthreshold n                                                       (2.5) 
 
Only photon counts above this threshold value are identified as fluorescence bursts. Defining 
the threshold at three standard deviations from the mean provides a confidence limit greater 
than 99%.  
 
2.3.2 Burst Height and Area Distributions 
 
To measure burst heights and areas, the programme determines all peaks simultaneously. 
Once a peak is located (by comparing photon counts with the threshold value) the programme 
searches for the maximum value of photon counting to calculate the burst height of the peak. 
Peak area is determined from the number of photons obtained by further analysing the photon 
counts around the peak maximum until the threshold value is reached. The mean and standard 
deviation are calculated for burst heights and areas. To observe reproducibility and 
uniformity, surface density plots combining burst height and area distributions are generated.  
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2.3.3 Burst Width Histogram 
 
Similar to burst height and area histograms, peak widths are determined using the defined 
threshold to identify droplet boundaries and measure individual droplet widths. Burst widths 
are plotted as a photon counting histogram (PCH) to determine polydispersity in droplet size.  
 
2.3.4 Fourier Transform Plot  
 
The time-domain fluorescence readout is converted into the frequency-domain using a Fourier 
transform (FT). From the generated FT plots, the uniformity of droplet size and the 
reproducibility of droplet formation can be investigated. 
 
 
2.4 MICROFLUIDIC DEVICE FABRICATION 
 
Common materials used to fabricate microfluidic devices are glass, silicon and 
poly(dimethylsiloxane) (PDMS)
15
. Silicon is a relatively expensive material and is not 
transparent in the visible region of the electromagnetic spectrum; hence it is unsuitable for 
integration with optical detection. Glass is transparent, but it is more difficult to etch than 
silicon
16
. Since both silicon and glass are rigid materials, it is difficult to integrate 
components, such as pumps and valves, into devices. In addition, the techniques and facilities 
required to fabricate glass and silicon devices are expensive and time-consuming. For these 
reasons, the majority of microfluidic research has been carried out making devices from 
plastics or polymers, especially PDMS. PDMS has fantastic properties; it is inexpensive, 
flexible, optically transparent in the visible and compatible with biological samples. In this 
thesis, microfluidic devices are fabricated from PDMS using traditional soft lithographic 
methods, which are widely used for fabricating PDMS devices
16,17
.  
 
2.4.1 Fabrication of an SU-8 PDMS Master  
 
SU-8, a negative photoresist, is widely used to define a mould for PDMS microfluidic device 
fabrication. This is due to its high chemical and mechanical stability and ease of fabrication
18
. 
The main components of SU-8 are acid-labile groups (a Bisphenol A Novolak epoxy 
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oligomer, as shown in Figure 2.20) and up to 10% of a photoacid generator (triarylsulfonium 
hexafluoroantimonate salt)
18
.  
 
Upon UV irradiation, the photoacid generator is transformed into an acid 
(hexafluoroantimonic acid) which acts as a catalyst for the cross linking reaction. The epoxy 
groups on the oligomer are protonated by protons from the acid. The application of heat 
allows the protonated epoxy groups to react with neutral epoxides, resulting in a cross linked 
structure. Since each monomer molecule contains eight epoxy groups (as shown in Figure 
2.20), a high degree of cross linking is obtained after a heating process. This renders the 
exposed SU-8 stable and durable. Preparation of an SU-8 master to serve as a mould for 
PDMS device fabrication is performed using the standard lithography. This process is 
schematically shown in Figure 2.21 and described in detail. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.20 Chemical structure of a Bisphenol A Novolak epoxy oligomer contained in SU-8. Each monomer 
consists of 8 epoxy groups, which allows for a high degree of cross linking after photothermal 
activation. Reproduced from reference 18. 
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Figure 2.21 A schematic diagram showing the process for fabricating an SU-8 master to be used as a mould 
for PDMS device fabrication. 
 
 
2.4.1.1 Preparation of a Glass Photo Mask 
 
A microfluidic layout is first designed using an AutoCAD programme (Autodesk, UK). The 
design is then printed as emulsion on polyester film (JD Photo-Tools, UK). This is a darkfield 
negative film mask, in which the channel designs are translucent. Before making an SU-8 
master, a glass photo mask is created from the film mask. This step is optional for SU-8 
PDMS fabrication; however, it is useful for preserving the film mask. This process is 
schematically illustrated in Figure 2.22. The design on the film mask is transferred onto a 
photoresist coated glass substrate (AZ1518, 5300 Å, Soda Lime, Nanofilm, USA) to prepare a 
glass photo mask by means of UV exposure. The film mask is first placed inside a UV 
exposure unit (8 W, RS Components Ltd, UK) with the photoresist side facing upwards. The 
glass substrate is then positioned on top of the film mask with the photoresist side facing 
down towards the film mask. The glass substrate is exposed to the UV light through the film 
mask for 1 min for 50 m wide features. The exposed glass substrate is then developed in 
order to remove the exposed photoresist layer by first immersing the substrate in a mixture of 
photoresist developer (Microposit 351 Developer, Chestech Ltd, UK) and DI water at a 1:5 
volume ratio for 2 minutes or until the design appears on the substrate. Subsequently, the 
substrate is thoroughly rinsed with DI water and then placed in a chromium etching solution 
Si wafer Si wafer 
SU-8 
Spin coating 
Exposure 
Photo mask 
UV light 
Developing 
SU-8 master 
Methodology   Chapter II 
 76 
(Aldrich, UK) (to remove the chromium layer from the exposed area) for 5 minutes or until 
the design layout is translucent. Finally, the substrate is thoroughly rinsed with DI water and 
dried with a stream nitrogen gas. It should be noted that the design on the glass photo mask is 
a mirror image of that on the film mask. This is due to the fact that the photoresist side of the 
film mask faces the photoresist side of the glass substrate during the exposing process. 
Accordingly, using the glass photo mask to further fabricate an SU-8 master results in an 
original design layout for the final devices. In contrast, if a film mask is directly used to 
fabricate a SU-8 master, a mirror image design will be obtained at the final step.  
 
 
 
 
 
 
 
 
 
Figure 2.22 Schematic presenting the preparation of a glass photo mask from a film mask. The design on the 
film mask is transferred onto a photoresist-coated glass substrate by UV exposure and 
development. A mirror image of the design is obtained on the glass photo mask.  
 
 
2.4.1.2 SU-8 Spin Coating 
 
The PDMS master is created on a 4-inch silicon wafer, 100 mm N <100> with a resistivity of 
1-10  cm and a thickness of 525 m (IDB Technologies Ltd, UK). SU-8 negative 
photoresist (Michrochem, Chestech Ltd, UK) is spin-coated onto the wafer. The thickness of 
the SU-8 layer is dependent on the SU-8 viscosity and spin speeds applied to coat the wafer. 
Here, 50-100 m thick SU-8 is used as a channel depth of 50 m is needed. Accordingly, 
2 ml of the SU-8 is poured onto the wafer vacuum inside a spin coater (Fairchild Convac 
GmbH, Germany). An initial spin speed of 500 rpm at 100 rpm/seconds is applied for 10 
seconds in order to spread the SU-8 to cover the entire wafer. For 50 m deep features, the 
spin speed is then is ramped to 2000 rpm at an acceleration rate of 300 rpm/second and held 
at this speed for 30 seconds. The SU-8 coated wafer is then soft baked at 65 C for 6 minutes 
and then at 95 C for 20 minutes to evaporate solvent and dry the SU-8 film. 
Exposure Developing 
UV Exposure unit 
Photoresist-coated 
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2.4.1.3 UV Exposure 
 
After the baking step, UV exposure is typically performed by irradiating the wafer with a UV 
lamp. The glass photo mask is placed on top of the SU8 coated wafer with the photoresist side 
facing the SU-8 coating. Subsequently, the wafer is exposed to UV light (Light Support Ltd, 
UK) through the glass photo mask. For 50 m features, the exposure process is normally 
performed for 20 seconds. UV irradiation initiates polymerisation of the SU-8. The exposed 
wafer is then post baked at 65 C for 1 minute and then at 95 C for 5 minutes. The post 
baking step is required to enhance the cross-link of the exposed SU-8 areas. As a result, the 
exposed SU-8 areas on the wafer are highly solidified and stabilised and do not dissolve 
during the subsequent developing process.  
 
2.4.1.4 Development 
 
An SU-8 developer, consisting of 2-methoxy-1-methylethyl acetate, (Microposit EC solvent, 
Chestech, UK) is used to dissolve the unexposed SU-8. The wafer is immersed into the 
developer for 5 minutes, then rinsed with water and isopropanol and finally blow-dried using 
nitrogen gas. If any unexposed SU-8 is still left on the wafer, it appears white when rinsed 
with isopropanol. In this situation, the wafer needs to be immersed in the developer for a 
longer period of time. Finally, the SU-8 remaining on the wafer defines the desired channel 
network and serves as a master for PDMS device fabrication. 
 
2.4.2 PDMS Device Fabrication 
 
As noted, microfluidic devices are fabricated using PDMS moulding from an SU-8 master. A 
schematic diagram for the fabrication process is presented in Figure 2.23. To prepare a 
PDMS replica, two components, the base (tetra(trimethylsiloxy)silane) and the curing agent 
(tetramethyltetravinylcyclotetrasiloxane), from a SYLGARD 184 Silicone Elastomer Kit 
(Dow Corning Limited, UK), are thoroughly mixed using a weight ratio of 10:1. The mixture 
is then poured onto the SU-8 master and cured at 65 C for 4-5 hours. The PDMS replica is 
then peeled from the master and is ready for bonding to a flat substrate. 
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Figure 2.23 A schematic diagram describing fabrication of a PDMS microfluidic device using an SU-8 
master as a mould for PDMS stamping. 
 
 
2.4.3 Microfluidic Device Assembly 
 
To assemble a PDMS microfluidic device, a 1 mm-thick microscope slide (VWR 
International, UK) is used as a support structure. Holes are drilled into the microscope slide to 
coincide with inlet and outlet reservoirs in the PDMS replica. Drilling is performed using a 
Xenox drilling machine (Farnell, UK) with a 0.25 mm diameter tungsten carbide dental drill 
bit (Diama International Inc., UK). The glass slides are then cleaned by immersing in a 
Piranha solution (a mixture solution of 30% H2O2 and concentrated H2SO4 at a ratio of 1:3 
v/v) over night, followed by rinsing with excess DI water and then drying in a stream of 
nitrogen gas.  
 
The slides are bonded onto the PDMS replicas by means of plasma oxidation bonding. The 
glass slides and PDMS replicas are placed inside a plasma oven (Harrick Plasma, USA) for 
20 seconds. Subsequently, after aligning the inlet and outlet reservoirs, the PDMS replica is 
pressed onto the glass slides for bonding. 
 
Inlet and outlet connections are punched by guiding a 25G syringe needles (0.5 mm i.d.) from 
the PDMS channel reservoirs through the holes on microscope slide. Fused-silica capillaries 
(375 m o.d., 150 m i.d., Composite Metal Services Ltd, UK) are inserted through the holes 
Cover slip 
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to serve as a fluidic interface between the microdevice and macroscale reservoirs. After 
capillary insertion, the PDMS bonded glass slides are sonicated for 5 minutes in 0.5 M NaOH 
and then ethanol, followed by a 10 minute sonication in DI water. The PDMS-glass device is 
then blow-dried using nitrogen gas before the second bonding step. 
 
For optical imaging with a high NA objective, PDMS microchannels are enclosed 
permanently using a 160 m thick microscope cover slip (2424 mm, borosilicate glass, 
thickness no. 1, VWR International, UK) using the plasma treatment as described above. 
Finally, the capillaries are glued to the microscope slides using a two-part epoxy (Araldite 
2014, RS components, UK) and then baked at 65 C for at least 2 hours. The complete PDMS 
devices, having 50 m wide and 50 m deep channels comprise either 3 or 4 inlets and one 
outlet. Photographs of typical devices are shown in Figure 2.24. 
 
 
 
 
 
 
 
 
 
 
Figure 2.x (a) Schematic of a micro 
 
 
 
 
 
Figure 2.24 (a) Schematic of a microfluidic device with three inlets and one outlet. (b) Photographs of 
complete PDMS microfluidic devices. The sandwich-like configuration of these devices consists 
of a microscope slide on top for device support, PDMS in the middle and a coverslip at the 
bottom for optical detection. All channels are 50 m wide and 50 m deep.  
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2.4.4 Experimental Setup for Droplet Measurements 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.25 Experimental setup for fluorescence droplet measurements. The microfluidic device was placed 
onto the controllable microscope stage and connected to the syringes containing solutions via 
Teflon tubing and a fingertight-union connection. PHD 2000 pumps were used to drive the 
solutions into the device. (a) The entire setup. (b) A closer image of the microfluidic device on 
the controllable stage. The objective lens brings the laser beam into a tight focus within the 
channel.  
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The experimental setup for droplet analysis is shown in Figure 2.25. Here, the entire 
microfluidic device is placed on a controllable microscope stage (ProScan II
TM
, Prior 
Scientific, UK). Gastight syringes (SGE Europe Ltd, UK) are connected to the microfluidic 
device (via capillaries) using Teflon tubing (0.356 mm i.d., 1.55 mm o.d., Upchurch 
Scientific) and PEEK fingertights and unions (1/16", 10/32 threads, VICI AG International, 
Switzerland). All solutions were pumped through the microfluidic channels using precision 
syringe pumps (PHD 2000, Harvard Apparatus, UK). The pumps were controlled by a 
computer using a custom-made LabView programme. The objective lens brings the laser 
beam into a tight focus (diameter of 0.4 m) within the microfluidic channel. 
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SYSTEM CHARACTERISATION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-If we knew what it was we were doing, it would not be called research, would it?- 
Albert Einstein 
“Characterisation and visualisation of droplets in segmented flows is presented. 
The effect of water fraction and flow velocity on droplet formation are also 
studied and discussed. A custom built confocal fluorescence detection system 
was used to perform on-line fluorescence analysis of individual droplets.” 
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3.1 PRELIMINARY STUDIES OF DROPLET FORMATION 
 
In this chapter, the fundamentals of droplet microfluidics were investigated through the 
variation of two important parameters, the water fraction (Wf) and the flow velocity. Their 
influence on both droplet size and period were evaluated. Understanding of these basic 
aspects is crucial in allowing efficient manipulation of droplets in future applications. 
 
 
3.1.1 Droplet Formation 
 
Preliminary studies of droplet formation were performed using an inverted microscope 
(Olympus UK Ltd, UK) equipped with a high speed camera (Phantom v 649, Vision Research 
Ltd, UK). Droplets were generated inside a two-aqueous-inlet and one-oil-inlet microfluidic 
device, as shown in Figure 3.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Droplet visualisation using Fe(SCN)3 and KNO3. Microfluidic channels were 50 m deep, 50 m 
wide and 4 cm long. The total volumetric flow rate was 7.5 l min-1 with a water fraction of 0.4. 
Accordingly, droplets travel at a speed of 50 mm s-1. The image was taken using a high speed 
camera and a 50 s exposure time. 
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The device consists of a winding part to enhance the mixing of droplet contents (as discussed 
in Section 1.1.4) and a serpentine channel for permitting reactions to proceed over extended 
time scales. The oil phase used for all experiments was a 10:1 (v/v) mixture of 
perfluorodecalin and 1H,1H,2H,2H-perfluorooctanol (Sigma-Aldrich, UK). To visualise and 
observe mixing inside droplets, a red aqueous solution of iron (III) thiocyanate [Fe(SCN)3] 
(prepared by mixing 0.067 M Fe(NO3)3 with 0.2 M KSCN) together with a colourless 
aqueous solution of 0.2 M KNO3 was used for all experiments. The oil phase is pumped into 
microfluidic channels using a 2.5 ml gastight syringe (Hamilton Bonaduz AG, Swizerland) 
and aqueous solutions are delivered using 1 ml gastight syringes (SGE Europe Ltd, UK). All 
solutions were pumped into microfluidic channels using precision PHD 2000 syringe pumps 
(Harvard Apparatus, UK). 
 
3.1.2 Droplet Characterisation 
 
Droplets were characterised by analysing from both videos and images taken with the high 
speed camera using a 50 s exposure time and/or a frame rate of 1000 fps. Droplet lengths 
and periods were measured and analysed using commercially available software (Image J, 
NIH, US).  
 
3.1.2.1 Characterisation of Droplet Lengths and Periods 
 
Preliminary investigations into droplet formation have been reported by Ismagilov and 
colleagues
1
. The droplet characterisation experiments investigated herein specifically address 
the effects of Wf and total flow velocity on droplet formation. Initially, Wf  was varied 
between 0.2 and 0.8 at total linear flow velocities between 20 and 200 mm s
-1
. Figure 3.2 
shows images of droplets generated at different water fractions, but at the same total flow 
velocity. As seen in Figure 3.2, droplet sizes can be precisely controlled by changing Wf. The 
higher the Wf, the longer the droplet length. The variation in droplet length and period as a 
function of linear flow velocity and water fraction are presented in Figure 3.3 and Figure 3.4, 
respectively. The lengths and periods of five droplets were measured to ascertain the 
derivation in values. As is seen in Figure 3.3a, the average droplet length is independent of 
the linear flow velocity when the water fraction is fixed. This effect is due to the fact that the 
volumetric ratios between the oil and aqueous solutions extruded into the microchannel 
remain constant at different flow velocities. Similarly, droplet periods remain essentially 
constant when Wf is fixed (Figure 3.3b). 
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Figure 3.2 Images of droplets formed at different Wf values. Droplets were generated using a total flow rate 
of 7.5 l min-1 corresponding to a linear velocity of 50 mm s-1 at different water fractions. All 
microfluidic channels are 50 m wide and deep. 
 
 
Figure 3.4 indicates that the droplet length and period strongly depend on Wf. Increasing Wf 
decreases the ratio of oil and aqueous flow rates (Figure 3.4a), hence allowing more of the 
aqueous solution to flow into the channel before being broken up into a droplet by the oil 
stream. Higher water fractions also lead to shorter droplet periods, as seen in Figure 3.4b. 
When comparing different flow velocities at the same Wf, it can be seen that droplet lengths 
and periods remain approximately constant. This observation confirms a strong dependence 
of droplet length and period upon Wf, and not the total flow velocity. The results obtained 
from these investigations are in excellent agreement with pervious studies reported by Tice et 
al.
1
. Interestingly, the variation of droplet length and period with Wf shows a mono-
exponential relationship. The decay constant parameters obtained from each fitted curve in 
both Figure 3.3 and Figure 3.4 were found to be between 0.15 and 0.20. This indicates that 
droplet size and period are effectively identical when using the same Wf. 
 
Wf = 0.2 
50 m 
Wf = 0.3 
Wf = 0.4 
Wf = 0.5 
Wf = 0.6 
Wf = 0.8 
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Figure 3.3 Variation of droplet length (a) and period (b) as a function of linear flow velocity. Droplet 
lengths and periods remain approximately constant when Wf is constant but the total flow rate 
varies.  
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Figure 3.4 Variation of droplet length (a) and period (b) as a function of Wf. As Wf increases (at a constant 
flow rate), the droplet length increases, leading to a decrease in the droplet period. 
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Small fluctuations in droplet lengths and periods are noticeable when the oil and aqueous 
flow rates are significantly different, e.g. for Wf = 0.2 and 0.8 in Figures 3.3a-b. At extremely 
low water fractions (Wf  0.2), the aqueous phase hardly flows into the channel due to the 
high pressure from the oil stream, leading to unstable droplet formation. For high water 
fractions (Wf  0.6), the flow rate of the oil is much lower than that of the aqueous phase. 
Thus, the aqueous stream can move backwards into the oil inlet, leading to fluctuations in 
droplet sizes and wetting problems (where aqueous droplets wet the channel walls).  
 
Additionally, instability in the instantaneous flow rates delivered by the syringe pumps 
significantly affects the uniformity of droplet formation. Unstable droplet generation was 
observed when low flow rates (less than 0.3 l min-1 for each inlet) were used. This is caused 
by the slightly irregular motion of the pumps at low flow rates together with variation in 
syringe diameters and the geometry of microfluidic channels. Accordingly, syringe pumps 
that provide for extremely stable flow are recommended for droplet formation. 
 
From the preliminary studies using different flow rates and water fractions, it was found that 
droplets could be reproducibly generated using a Wf between 0.3 and 0.6. However, when the 
flow rate of the aqueous stream was higher than that of the oil stream (Wf > 0.5), there is a 
high possibility that the aqueous droplets will wet the channel walls, leading to unstable 
droplet generation. In the case of extremely high water fractions (Wf > 0.8), continuous 
laminar flow is observed within the channels instead of droplet formation.  
 
3.1.2.2 Mixing of Droplet Contents 
 
Mixing inside droplets was observed by taking photographs of droplets while they were being 
generated at the droplet-forming region and whilst travelling along the channel. To observe 
mixing, the inorganic red dye Fe(SCN)3 and deionised water were used. Figure 3.5 illustrates 
droplet formation at a flow rate of 7.5 l min-1 (50 mm s-1) using different water fractions. It 
was found that initial droplet formation conditions sensitively affect droplet mixing. When 
aqueous solutions are extruded into the flowing carrier fluid, they are convoluted due to 
interaction with the flowing oil. This generates ‘twirling’ at the junction of the droplet-
forming area, as shown in Figure 3.5. Twirling is discussed in Section 1.1.4 and enhances 
mixing by redistributing the dye solution from the right into the left side of a droplet
1
. 
Twirling can be produced during droplet formation using T-junction microfluidic devices; 
however, the degree of twirling depends on the amount of the carrier fluid flowing past the 
junction. In general, it was observed that the higher the water fraction, the smaller the amount 
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of twirling. Consequently, at high water fractions (Wf > 0.5), as seen in Figure 3.5e-f, twirling 
was not significant enough to transfer the dye solution into the left hand side of the droplet 
due to their large sizes, resulting in slower mixing. The fluid inside the droplets was further 
mixed by recirculation while the droplets travelled along the channel.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Effect of water fraction on droplet mixing. Droplets are generated at a fixed flow rate of 7.5 l 
min-1 (50 mm s-1) using different water fractions of (a) 0.2 (b) 0.3 (c) 0.4 (d) 0.5 (e) 0.6 and (f) 
0.8. The images were recorded using a high speed camera with a 50 s exposure time and 1000 
fps. All microfluidic channels are 50 m in width and depth. 
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Figure 3.6 A sequence of droplet formation images over 7 ms for Wf = 0.4 and a flow velocity of 50 mm s
-1. 
Images were recorded using a high speed camera with a 50 s exposure time and 1000 fps. (a) t = 
0, (b) t = 1 (c) t = 2 (d) t = 3 (e) t = 4 (f) t = 5 (g) t = 6 and (h) t = 7 ms. All microfluidic channels 
are 50 m in width and depth. 
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In addition, mixing efficiency inside a droplet can be significantly enhanced by chaotic 
advection
1, 2
, induced by the winding part of the channel. While the droplets are moving 
through the curved channel, an unsteady fluid flow is generated due to different flow 
velocities at the two channel walls, resulting in the stretching, folding and reorientation of the 
fluids within the droplet
2, 3
. The winding channel does not improve the mixing efficiency at 
extremely high water fractions (Wf  0.8), as mixing is simply achieved by diffusion as 
observed in laminar flow microfluidics (Figure 3.5f)
3, 4
. It was found that mixing times at a 
Wf of 0.2 (Figure 3.5a) are approximately 25 ms. A droplet formation sequence for a 7 ms 
time period at 0.4 Wf and a flow velocity of 50 mm s
-1
 is shown in Figure 3.6. Complete 
mixing is observed at 30 ms. It should also be noticed that a droplet is completely generated 
over a period of only 7 ms at this total flow rate and Wf. 
 
Additionally, the effect of flow velocity on the mixing of droplet contents at a constant water 
fraction was investigated. Figure 3.7 depicts droplet formation at Wf = 0.4 using three 
different flow velocities. For each condition, the same amount of twirling was generated due 
to the fixed Wf. As can be seen in Figure 3.7, fluid inside the droplets at flow velocities of 30 
and 50 mm s
-1
 is entirely mixed at approximately the same distance, whereas incomplete 
mixing solution is still observed at the 100 mm s
-1
 flow velocity. Therefore, the higher the 
flow velocity, the longer the distance required for complete mixing. However, when relatively 
low flow velocities are used, unstable droplet formation is often observed. Hence, flow 
velocities between 20 and 50 mm s
-1
 were chosen to be appropriate for droplet formation in 
this study. Investigation of mixing of droplet contents and mixing patterns within droplets 
was also performed using Fluorescence Lifetime Imaging (FLIM), and will be discussed in 
detail in Chapter 6. 
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Figure 3.7 Effect of flow velocity on droplet mixing. Droplets are formed at Wf = 0.4 using total flow 
velocities of (a) 30 (b) 50 and (c) 100 mm s-1. 
 
 
3.2 FLUORESCENCE-BASED DROPLET CHARACTERISATION 
 
In order to perform online detection of individual droplets, microfluidic devices were 
integrated with a custom built confocal microscope to conduct fluorescence measurements.  
 
3.2.1 Droplet Characterisation 
 
Preliminary characterisation experiments on the confocal setup were conducted using 
fluorescein 5-isothiocyanate (FITC) in a pH 9.0 buffer. Droplets were generated within a two-
aqueous-inlet microfluidic device, with the FITC solution and the pure pH 9.0 buffer being 
introduced separately via the two aqueous inlets. The microfluidic setup for this study is 
schematically shown in Figure 3.8. On-chip dilution was performed by changing the relative 
flow rates of the FITC and buffer streams; however, the total aqueous flow rate was kept 
constant to maintain a constant Wf. Droplet detection was performed in the last serpentine 
channel, which is 3.0 cm downstream from the droplet forming region. Here, the objective 
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lens focused the 488 nm laser beam into a tight spot within the microfluidic channel. Droplets 
containing FITC were detected and fluorescence collected by the same objective and recorded 
by an APD detector (green channel) at 50 s resolution for a 65 second acquisition time. 
Figure 3.9 shows the absorption and emission spectra of FITC, including the excitation 
wavelength and detection region. 
 
 
 
 
 
 
 
 
Figure 3.8 Schematic of experimental setup for droplet characterisation using the confocal detection system. 
Microfluidic channels were 50 m deep and 50 m wide and 4 cm long. The oil flow rate was 
fixed at 4.5 l min-1 and the total flow rate was 7.5 l min-1 (50 mm s-1), resulting in a Wf of 0.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 An example of absorption and emission spectra of FITC. The cyan dashed line signifies the 
excitation wavelength at 488 nm and the green band represents the detection region from 500 nm 
to 580 nm, respectively. 
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3.2.1.1 Fluorescence Droplet Trajectories 
 
Figure 3.10 shows example data of 53.3 M FITC over 500 milliseconds. Volumetric flow 
rates of the aqueous and oil phases were maintained at 3.0 l min-1 and 4.5 l min-1, 
respectively. This resulted in a total volumetric flow rate of 7.5 l min-1 (or a linear flow 
velocity of 50.0 mm s
-1
) and a Wf of 0.4. The uniformity of the droplet signature is highlighted 
by an expanded segment shown in the inset of Figure 3.10. Average signal intensities in this 
case were of the order of 400 counts per millisecond, with a relative standard deviation of 
4.1%. In general, the fluorescence signal recorded was highly uniform confirming that 
droplet generation, as well as the delivery of the aqueous and oil phases within the 
microfluidic structure were highly reproducible in nature.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 Optical readout of a 500 ms window, along with an expanded inset, for a 53.3 M solution of 
FITC in a pH 9.0 buffer. This experiment was carried out using a total flow rate of 7.5 l min-1 
(50 mm s-1) and a Wf of 0.4. Each fluorescence peak corresponds to an individual droplet 
traversing the detection probe volume.  Data were recorded using a 1 ms integration time. 
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The excitation beam was aligned directly with the central portion of the channel. It should be 
noted that expanding the laser beam further to probe the entirety of the droplet can in 
principle decrease the spread in the burst heights; however, this was not performed to ensure a 
sufficiently high signal to noise ratio (S/N) at low analyte concentrations and to prevent high 
background signals due to a large illuminated area. In practice, decreasing the width of the 
channel should allow for a larger percentage of the droplet to be probed whilst maintaining 
sufficiently high contrast in terms of S/N. 
 
An average background signal intensity of 10.2 counts per bin remained approximately 
constant for flow rates ranging from 0.1 to 8.0 l min-1. It should also be noted that the 
background signal is dependent on the laser intensity. The background threshold was 
therefore set to 10 counts per bin for all experiments as predicted by the Poissonian analysis 
detailed in Section 2.3.1. 
 
An example of a time trace for 3 different FITC concentrations over a 200 ms window is 
shown in Figure 3.11. The volumetric flow rates in the aqueous channel were varied to 
change the total FITC concentration after mixing. The flow rates can be changed on-the-fly, 
resulting in not only high throughput droplet generation, but also in local conditional changes 
within a droplet. The total aqueous flow rate in this example was kept constant at 3.0 l min-1 
and the ratio of the FITC flow rate was gradually increased from 0.3 to 0.9 and 1.5 l min-1. 
This resulted in peak intensities of 184, 515, and 882 counts, respectively.  
 
The uniformity of droplet size and the reproducibility in their rate of formation can also be 
assessed by constructing a Fourier transform (FT) plot of the time-domain fluorescent 
readout. An example of such an analysis is shown in Figure 3.12 for an acquisition period of 
65 s and FITC concentrations of 100, 300 and 500 nM. The greater the variation in droplet 
size and droplet generation rates, the broader the full width half maximum (FWHM) of the 
FT. The droplet frequency was 70 Hz with a FWHM less than 1 Hz, indicating a 
polydispersity of less than 5%. Non-uniform droplet generation will severely broaden the 
FWHM. For this system, this is only observed if there is unstable flow caused by channel 
blockage or leakage at the syringe/capillary interface.  
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Figure 3.11 Optical readout of a time trace for 3 different FITC concentrations: (a) 100 (b) 300 and (c) 500 
nM over a 650 ms window. Droplets were produced using oil and aqueous flow rates of 4.5 and 
3.0 l min-1, respectively, resulting in a total flow rate of 7.5 l min-1 (50 mm s-1) and a water 
fraction of 0.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12 Fourier transforms of the time-domain fluorescence readout of the same data presented in 
Figure 3.10: (a) 100 (b) 300 and (c) 500 nM. 
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3.2.1.2 FITC Calibration Plot 
 
To further observe the stability of droplet formation and the efficiency of the detection 
system, a calibration plot of FITC concentration as a function of burst height was constructed 
and is shown in Figure 3.13a.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13 Variation of fluorescence burst height (a) and droplet frequency and burst width (b) as a function 
of FITC concentration. Red straight lines () and blue dashed lines () in (b) define the mean 
() and one standard deviation from the mean ( + . Fluorescence bursts were recorded for 65 s 
using a 1 ms resolution. Droplet formation conditions are shown in Figure 3.10. 
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Compositions of aqueous solutions inside the droplets were changed by continuously varying 
the volumetric flow rates of the aqueous solutions, to ramp the FITC concentration from 0.1 
to 60 M. The total aqueous flow rate was kept constant at 3.0 l min-1 and the oil flow was 
maintained constant at 4.5 l min-1, resulting in a Wf of 0.4. Fluorescence emission from each 
droplet was recorded using 50 s resolution over a period of 65 s. As shown in Figure 3.13a, 
the relationship between burst height and FITC concentration is seen to be linear with a 
correlation coefficient of R
2
 = 0.9981. In addition, droplet widths and frequencies were 
determined throughout the FITC concentration range. Inspection of Figure 3.13b shows that 
droplets were 10 ms in length and were produced at a rate of 68 Hz with a relative standard 
deviation (RSD) of less than 3%. These data indicate high uniformity and stability of droplet 
size and high reproducibility in formation rate. 
 
 
3.3 SUMMARY 
 
In terms of droplet formation, it was found that intermediate water fractions (0.2 < Wf < 0.8) 
can be used to produce droplets with high uniformity in droplet size and high reproducibility 
in formation rate. However, using 0.3  Wf   0.5 is highly recommended in order to prevent 
channel wetting caused by aqueous droplets generated at high water fractions. Low Wf  values 
also ensure rapid mixing inside droplets, enhanced by twirling and chaotic advection. In 
addition, flow velocities in the range of 20 to 50 mm s
-1
 were reasonably suitable for the 
channel lengths required for complete mixing and flow rate ranges adjusted at each 
microfluidic inlet to perform online dilution. 
 
Using the confocal fluorescence detection system, droplets were characterised by their 
fluorescence signatures. In these studies, reproducible droplets generated at formation rates up 
to 140 Hz and loaded with varying amounts of reagent can be detected online. The integration 
of confocal fluorescence spectroscopy allows for online characterisation of individual 
droplets in terms of their size, formation frequency, fluorescence intensity, and population. 
Preliminary fluorescence measurements using FITC indicate a droplet polydispersity less than 
5% and a relative standard deviation for droplet frequency of less than 3%. Both confirm the 
high uniformity and stability of droplet size and the high reproducibility in their formation 
rate. In addition, an excellent linear calibration plot is obtained for a broad range of FITC 
concentrations (0.1 – 60 M). Hence, the custom built confocal fluorescence detection system 
shows much potential as a powerful component in droplet microfluidics. This integrated 
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system has been exploited to perform the high-throughput biology and chemistry which will 
be presented and discussed in the following chapters. 
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CELLS IN DROPLETS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-I have not failed. I've just found 10,000 ways that won't work-  
Thomas A. Edison 
“Cell encapsulation within droplets is presented. A confocal fluorescence 
spectroscopic system is used to perform on-line detection of droplets 
containing cells. Such an approach allows for simultaneous measurement of 
droplet characteristics and cell occupancy. This system is successfully extended 
to identify and quantify the presence of rare mammalian cell phenotypes within a 
heterogeneous biological population.” 
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4.1 INTRODUCTION 
 
As aqueous droplets within microfluidic channels defines confined finite volumes in the 
femto- or picolitre range, they have the potential to serve as isolated reaction compartments 
for many biological experiments
1
. The confined environment of droplets minimises sample 
consumption and prevents sample loss and dispersion. The compartmentalisation of droplets 
also enables the concentration of substances secreted from encapsulated cells to rapidly reach 
detectable levels (without being lost to the bulk). Combined with droplet manipulation 
techniques, e.g. merging, break up and sorting, droplet microfluidics holds great promise for 
single cell screening and assays.  
 
Traditionally, fluorescence activated cell sorting (FACS) has been used for cell 
characterisation, but such an approach is limited to situations, in which products from 
biological processes are restricted within cells or bound to the cell membrane
2,3
. Aharoni et al. 
have overcome this limitation by sorting cells in water/oil/water double emulsions
4
 that 
maintain the reaction product in the same compartment. Transferring this approach to 
microfluidics has the following advantages: (i) droplets generated in microfluidic systems 
have high monodispersity when compared to those generated in bulk
5,6
. This well-defined 
droplet size facilitates quantitative analysis of concentration changes in the droplet and thus 
allows more stringent and sophisticated screening. (ii) Control of droplet motion by 
microfluidics allows delivery of additional reagents in situ by droplet fusion. (iii) Microfluidic 
systems can be easily interfaced with analytical techniques that allow simultaneous detection 
of droplet size and fluorescence with higher precision than FACS.  
 
An initial demonstration of these ideas has been provided by He et al., who reported for the 
first time the selective encapsulation of single cells within picolitre- and femtolitre-volume 
droplets
7
. In addition, Tan et al. used lipid vesicles to control encapsulation of cells and 
biological molecules
8
. Recently, high aspect ratio microchannels have been successfully 
implemented to passively control single cell loading into individual droplets
9
. The ability to 
control cell occupancy within droplets by selecting cells of interest, which has been recently 
demonstrated by Charbet et al.
10
. More recently, a fully functional droplet platform for cell-
based assays has been developed to perform cell encapsulation, incubation, manipulation and 
analysis
11
. This system provides a real alternative to FACS for cell analysis.  
 
In the work described in this chapter, proof-of-principle experiments associated with cell 
encapsulation are presented. These novel studies describe the preparation of microdroplets 
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containing few or individual cells. This work was published in Chemical Communications in 
2007. A confocal fluorescence detection system is used for on-line detection of the 
encapsulated cells, by detecting the expression of a fluorescent protein in Escherichia coli (E. 
coli) cells. This approach allows simultaneous measurement of droplet size, fluorescence and 
cell occupancy and also allows high-throughput protein expression measurements and 
quantitative analysis of the expressed protein in a highly uniform and reproducible manner.  
 
Additionally, this general approach is used to identify and quantify the presence of rare 
mammalian cell phenotypes within a heterogeneous biological population. Using fluorescent-
conjugated antibodies against distinct cell-surface proteins, alkaline phosphatase and Stro-1, 
cells at different stages of differentiation and lineage commitment can be detected. Based on 
the time-integrated fluorescence signal of these markers, the identification and enumeration of 
three developmentally distinct cell phenotypes are demonstrated. Additionally, to test the 
accuracy and diagnostic capability of the microfluidic approach, results were compared to 
expression levels obtained using traditional flow cytometry techniques. The adult human 
periosteum was selected as the mammalian cell source due to its rich cellular heterogeneity 
and its potential for therapeutic applications in the repair and regeneration of musculoskeletal 
tissues
12-16
. Additionally, periosteal cells can be easily derived from small periosteum tissue 
explants harvested from adult donors and expanded ex-vivo. Phenotypically, periosteal cells 
are composed of a heterogeneous population of mesenchymal and hematopoeitic cell types at 
different stages of maturation and lineage commitment, including a small subset of cells 
similar to stem cells
17-19
. The ability to identify and isolate single cells from heterogeneous 
populations is an important procedure in a variety of experimental and clinical applications. 
Segregated cells, representing subpopulations, can provide essential information about a wide 
range of cell and population parameters and thus extend the understanding and control of 
biological processes.  
 
To date, a variety of isolation strategies have been employed for isolating single cells from 
homogeneous populations, including FACS, limiting dilution, density centrifugation, 
magnetic sorting and adherence to glass and plastic surfaces
20,21
. Most popular amongst these 
techniques is FACS, which is a specific type of flow cytometry that allows each cell to be 
characterised and sorted according to a range of distinct biochemical and biophysical features. 
Exploiting this strategy, rare cell types such as stem cells, antigen-specific B and T cells and 
circulating tumour cells have been identified and isolated
22-24
. These successes are, in part, 
due to developments in fluorophore and antibody production and availability, which have led 
many researchers to focus their purification efforts on immunophenotypic assays utilising 
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cocktails of monoclonal antibodies
25-29
. In this way, rare stem/progenitor cell populations are 
targeted based on the expression of intra-/extra- cellular molecules.  
 
Although these popular techniques have enjoyed widespread use over recent years, new 
analytical technologies offer the promise of improved analytical performance, enhanced 
functionality and robust versatility in a variety of cell-based assays
30-33
. Amongst these 
technologies, droplet microfluidic systems offer the possibility of rapid, specific and detailed 
analysis of cell populations. The compartmentalisation provided by droplets is particularly 
valuable for precisely analyzing multiple cellular characteristics simultaneously. 
 
Using molecular labelling of specific cell populations by antibodies and fluorescent dyes, 
detection of single cells encapsulated within picolitre-sized aqueous droplets can be 
performed using high-sensitivity confocal fluorescence detection. In the studies presented in 
this chapter, rare progenitor cells are immunodetected within a heterogeneous population of 
cells isolated from human periosteal tissue. Using this model human cell population, the 
accuracy and reproducibility of the droplet system is tested and the results compared with 
conventional flow cytometry. It was found that the quantitation of phenotypic subpopulations 
measured using both techniques is directly comparable. Accordingly, this study demonstrates 
the biological capacity of droplet-based microfluidics for cellular analysis and provides a 
necessary first step towards the development of a novel cell sorting technology. 
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4.2 EXPERIMENTAL  
 
4.2.1 Cell Preparation 
 
4.2.1.1 E. coli Expressing Fluorescent Protein 
 
E. coli cells expressing a yellow fluorescent protein (YFP) were provided by Ansgar Huebner 
from the Department of Biochemistry at University of Cambridge, UK. The cell preparation is 
briefly explained. 
 
The Venus gene
34
 was amplified from plasmid pCS2-Venus using 5’TAGATTCCATGGTG 
AGCAAGGGCGAGGAG3’ and 5’GCAATGGATCCTTACTTGTACAGCTCGTCCATGC 
3’ primers, digested with NcoI and BamHI, respectively and cloned into a modified pIVEX 
2.6d vector (Roche Diagnostics Ltd, UK), in which the ampicillin marker is replaced by a 
kanamycin marker. As this system is not under the control of any inducer the expression is 
accompanied by cell growth. 
 
E. coli strain BL 21 (DE3) cells transformed with the Venus-pIVEX vector were grown at 
37  C and 225 rpm for 16-20 hours in Luria Bertani (LB) broth containing kanamycin (50 g 
ml
-1
). The cell suspension was centrifuged (3500 rpm for 10 minutes) and the supernatant 
discarded. For on-chip dilution, the resulting cell-pellet was washed using 10 ml LB and 
diluted with LB to an A
600 nm
 of 0.55. 
 
 
4.2.1.2 Mammalian Cells 
 
For this study, cell preparation was conducted by Ian Bonzani from the Department of 
Materials at Imperial College London. 
 
Harvest of Periosteal Tissue and Isolation of Cells 
 
This study was approved by the United Kingdom NHS Ethics Committee (Project 
RREC2700). Periosteal tissue specimens were obtained from patients (providing informed 
consent and between the ages of 31-73 years) undergoing elective knee surgery at The 
Chelsea and Westminster Hospital, London. Explants were harvested from the proximal tibia 
using a periosteal elevator, and transported in Earl’s Balanced Salt Solution at 37 C. 
Explants were weighed, finely minced, and enzymatically digested with 3 mg ml
-1
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collagenase D (Roche Applied Science, UK) and 3 mg ml
-1
 collagenase type II (Sigma-
Aldrich, UK) and 5 mM CaCl2 in growth medium (high glucose Dulbecco’s Modified Eagle 
Medium containing 10% v/v foetal bovine serum, 1% v/v L-glutamine, 100 units ml
-1
 
penicillin, 100 µg ml
-1
 streptomycin) (all from Invitrogen, UK). After incubation at 37 °C for 
4.5 hours, the cell suspension was washed, passed through a 70 µm cell strainer (Falcon, 
Becton Dickinson, UK), and the cells counted. Cells were then placed into a monolayer 
culture and allowed to attach to tissue culture plastic for a period of four days. The medium 
was changed to remove non-adherent cells and the attached cells were further cultured as 
passage 0 until confluence. All characterisation experiments were carried out using serially 
expanded periosteal cells between passage 0 and 10. 
 
Antibody Staining 
 
Antibodies raised against Stro-1 and human bone/liver/kidney alkaline phosphatase (ALP) 
were tested for their specificity, titrated and used at concentrations varying from 1-2.5 µg/10
6
 
cells. Stro-1 is a yet unidentified antigen present on the surface of developmentally primitive 
cell types with osteogenic potential. Under certain culture conditions, Stro-1
+
 cells are able to 
give rise to an array of stromal cell types, including smooth muscle cells, adipocytes, 
chondrocytes, and osteoblasts
35-37
. The bone/liver/kidney isoform of ALP, although not 
specific to the osteogenic lineage, is a well-documented marker of committed osteoblasts
38
. 
Together, these two independent antibodies were used to dissect human periosteal cell 
populations according to surface protein expression. 
 
Approximately 1-3105 periosteal cells of passages 0-10 were incubated in 1 ml of blocking 
buffer (phosphate buffered saline pH 7.4 0.01M (PBS) containing 2% (w/v) bovine serum 
albumin (BSA), 0.1% (v/v) foetal bovine serum, and 0.1% (v/v) normal mouse serum) (all 
from Sigma-Aldrich) for 30 minutes at room temperature to limit non-specific binding. For 
direct staining, cells were then incubated with Allophycocyanin (APC) conjugated ALP for 
45 minutes at 4 C, washed in PBS containing 2% BSA (w/v) + 0.1% (w/v) sodium azide 
(flow buffer), centrifuged, and resuspended in 300 µl of flow buffer prior to analysis. For 
indirect staining using primary mAb Stro-1, the cells were first incubated with the primary 
mAb (45 min at 4
 C), washed, and incubated with a Fluorescein isothiocyanate (FITC)-
conjugated fragment F(ab’)2 goat anti-mouse secondary Ab (Jackson ImmunoResearch, 
Suffolk, UK) for 45 minutes at 4 C. Matched isotypes were used as negative controls and 
prepared at the same concentrations as the matched primary Ab. To facilitate an even supply 
of cells to the microdevice, 25% Percoll (Sigma-Aldrich, UK), filtered using a 5 m syringe 
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filter, was added into the final cell suspension. Percoll is a suspension of colloidal silica 
particles (15-30 nm diameter) coated with polyvinylpyrrolidone (PVP) that alleviates cell 
sedimentation during the transferral of cells into the microfluidic device
39
. 
 
4.2.2 Flow Cytometry 
 
Cell fluorescence was evaluated by flow cytometry using a FACSCalibur instrument (BD 
Biosciences, UK) with data analysis performed using FlowJo software (Tree Star Inc, USA). 
At least 20,000 discrete events were collected per sample and the percentage positive 
expression for each mAb was defined using unstained and isotype-matched controls. Based 
on the light scattering characteristics of each sample population, dead cells, cell debris, and 
aggregates were eliminated from further phenotypic analysis. For dual colour phenotypic 
analysis and enumeration, the gating combinations were defined as Stro-1
+
/ALP
-
, Stro-
1
+
/ALP
+
, and ALP
+
/Stro-1
-
. 
 
4.2.3 Cell Analysis 
 
All data originating from the droplet system were analysed using MatLab (Mathworks, UK). 
MatLab algorithms (written by Dr Joshua Edel) were used to differentiate between 
background counts and droplet signatures to define droplet localisation. A photon counting 
histogram (PCH) is used as the starting point for determining an appropriate threshold for a 
given data set. As the background shot noise exhibits Poissonian statistics (as mentioned 
previously in Section 2.3.1), the early part of the PCH dominated by low background counts 
is modelled to a Poisson distribution. This background threshold (nthresh) value is set according 
to Equation 2.5. Accordingly, photon counting events above this threshold are identified as 
droplets. 
 
For analysis of droplets containing cells, a secondary threshold is set to identify cell 
transitions. The second component of the PCH is defined as the cell distribution and can be 
approximated to be Gaussian in nature
40
. This threshold value (nd) is determined by the mean 
(µ′) and standard deviation () calculated from the Gaussian fit, 
 
nd = ′+1.5                    (4.1) 
 
This threshold is presented as rectangular-shaped signal for cell localisation. As a result, 
every peak above this threshold value is considered to originate from a single cell event. As 
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such, nthresh is used to determine droplet boundaries and nd is used as the threshold to extract 
cellular information. Using these two defined thresholds, individual droplet boundaries are 
determined and the number of cell events is quantified. 
 
 
4.3 RESULTS AND DISCUSSION 
 
4.3.1 Encapsulation of E. coli Cells within Droplets 
 
4.3.1.1 Cell Trajectories 
 
Droplet formation for E. coli cell encapsulation was performed using a two aqueous inlet 
microfluidic device with a T-junction, as shown in Figure 4.1. One aqueous inlet was loaded 
with a cell suspension of YFP expressed E. coli cells (~10
8
 cells ml
-1
, A
600nm 
~0.55) in LB 
medium and the other aqueous inlet with the LB medium. The two aqueous streams were 
used to control the average number of E. coli cells within a droplet. Through variation of the 
fractional volumetric flow rates between these two inlets, it was possible to vary the cell 
occupancy in each droplet. However, the total aqueous flow rate was maintained at 3 l min-1, 
which is the same as the flow rate of an oil phase (a 10:1 v/v mixture of perfluorodecalin and 
1H,1H,2H,2H-perfluorooctanol).  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Schematic of a microfluidic device used for cell encapsulation within droplets. All channels are 50 
m deep and 50 m wide and the main channel is 4 cm long. The oil flow rate is 3.0 l min-1 and the 
total flow rate of an aqueous phase is 3.0 l min-1, resulting in Wf of 0.5. 
Outlet 
Cells LB medium 
Oil 
1 cm 
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Droplet detection was monitored at the last serpentine channel, which is 3.0 cm downstream 
from the droplet forming region, to ensure complete mixing of droplet contents. The droplet 
profile was extracted optically using the custom built confocal fluorescence detection system, 
which is shown in Figure 2.4. In the current experiments, only the 488 nm diode laser was 
used as an excitation source for YFP, and ‘green’ fluorescence was monitored from droplets 
containing E. coli cells expressing YFP. 
 
Typical examples of fluorescence readout under low and high cell occupancy conditions are 
shown in Figure 4.2a and 4.2b over a period of 500 milliseconds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Optical readout of 0.5 s traces recorded, along with insets, under (a) low (cell suspension: 0.3 µl 
min-1, LB: 2.7 µl min-1) and (b) high (cell suspension: 2.1 µl min-1, LB: 0.9 µl min-1) cell loading 
conditions. Each rectangular shaped signal corresponds to the weakly fluorescent LB medium 
that forms the aqueous droplet. Droplets containing cells are distinguished by a transient spike 
arising due to the expressed fluorescent protein. 
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It should be noted that the LB medium acts as a weakly fluorescing background defining the 
aqueous droplet boundaries. Distinct photon bursts, corresponding to the presence of 
individual cells, can be distinguished on top of this background. The LB fluorescent 
background is characterised by an approximately rectangular cross-section (marked by the red 
dashed line), which is constructed using the MatLab programme for cell analysis described in 
Section 4.2.3. The full width half maximum (FWHM) of fluorescent bursts arising from E. 
coli cells are 30 times shorter than the background droplet events, which is consistent with the 
relative length of droplets (40 µm) E. coli cells (1.5-2 µm). As seen in Figure 4.2, cell 
occupancy per droplet can be controlled via the flow rates of the two aqueous inlets. 
 
4.3.1.2 Statistical Analysis 
 
Droplet Distribution 
 
The uniformity of droplet size and the reproducibility in the rate of formation can be assessed 
by performing a Fourier transform (FT) of the time-domain fluorescence readout. This 
analysis is described in Section 2.3. An example of such an analysis is shown in Figure 4.3a 
for an acquisition period of 60 s. The greater the variation in droplet size and droplet 
generation rates, the broader the full width half maximum of the FT. The droplet frequency 
was 60 Hz with a FWHM less than 1 Hz, indicating a polydispersity less than 5%. Figure 
4.3b presents a droplet width distribution. Droplets have a mean residence time of 7.5 ms and 
a relative standard deviation of 5%. The distribution itself is Gaussian in nature and the small 
FWHM correlates closely with the high level of inter-droplet uniformity. 
 
Cell Distribution 
 
Errors associated with false positives can be significantly reduced by correct threshold 
selection when determining droplet and cell location. A photon counting histogram (PCH) as 
shown in Figure 4.4a is used as the starting point for determining an appropriate threshold for 
a given data set. As can be seen in Figure 4.4a, the nthresh is set to be 16 counts and photon 
counting events above this threshold are identified as droplets. The second component of the 
PCH is defined as the nd and this value is determined to be 56 counts per bin. Photons above 
the nd are defined as cell events. 
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Figure 4.3 (a) Fourier transform of a representative fluorescence time trace with a peak maximum at 60 Hz. 
(b) A histogram describing the droplet width frequency distribution. Droplets were generated at a 
total flow rate of 6.0 l min-1 and Wf = 0.5. 
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Figure 4.4 (a) Threshold distributions. The background Poissonian distribution has a threshold level of 16 
photon counts and the cellular/LB Gaussian threshold distribution has a value of 56 photon 
counts. (b) Probability distribution for cellular occupancy within single droplets. The cell 
suspension and LB medium, going from low to high cell loading condition, had volumetric flow 
rates of (Blue 0.3 µl min-1, 2.7 µl min-1), (Red 0.6 µl min-1, 2.4 µl min-1), (Green 0.9 µl min-1, 2.1 
µl min-1), (Black 1.5 µl min-1, 1.5 µl min-1), (Grey 1.8 µl min-1, 1.2 µl min-1), (Light blue 2.1 µl 
min-1, 0.9 µl min-1). 
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Figure 4.4b shows a probability distribution describing the number of cells per individual 
droplet. Cell occupancy is controlled by varying the ratio between the cell and LB streams, 
and is tuneable between 1-6 cells per droplet. For example, under low cell loading conditions 
the instantaneous occupation probabilities are 83% (for an empty droplet), 16% (for single 
occupancy) and 1% (for double occupancy). Under high cell loading conditions, the 
instantaneous occupation probabilities are 10, 23, 31, 25, 7 and 2% (for one to six cells per 
droplet, respectively). This corresponds to a Gaussian distribution of cell occupancy with a 
mean of 3 cells per droplet. 
 
When performing single cell analysis within droplets, an occupancy of either 0 or 1 cells per 
droplets is ideal. Since droplets can be generated extremely quickly (limited only by the 
acquisition rate), the occurrence of empty droplets does not limit analytical throughput 
significantly. This concept closely mimics considerations in single molecule photon burst 
spectroscopy where the aim is to maximise the probability of having either 0 or 1 molecule 
within the detection probe volume
41
. The data presented here confirm that this can be 
achieved with confined cellular populations. This is significant result for future applications 
of droplet technology in directed evolution
1,42, where the ability to make ‘monoclonal’ 
droplets will be especially important.  
 
4.3.2 Identification of Heterogeneous Cell Populations 
 
The droplet approach was extended to perform identification and quantification of rare 
mammalian cell phenotypes within a heterogeneous biological population. 
 
4.3.2.1 Cell Encapsulation within Droplets 
 
A suspension of human periosteal cells in PBS containing 1% BSA and 25% Percoll 
(~500,000-1,000,000 cells ml
-1
) was immunostained using FITC and APC conjugated mAbs 
and loaded into the microfluidic device to generate droplets. The device setup for cell 
encapsulation is shown in Figure 4.5. The cell suspension with 25% Percoll loaded into a 250 
l gas tight syringe (SGE Europe Ltd, UK) was motivated into the perpendicular inlet at a 
flow rate of 1.0 l min-1, while an oil solution (a 1:2 v/v mixture of an electronic coating 
liquid (EGC-1700, 3M) and 3M fluorinated fluid FC-3283 (3M) with a 1:10 v/v dilution of 
1H,1H,2H,2H-perfluorooctanol) was delivered at a flow rate of 1.5 l min-1 using a 1.0 ml 
gas tight syringe (SGE Europe Ltd, UK). Importantly, the encapsulation and confinement of 
cells in droplets removes the possibility of cell-surface interaction. Moreover, the inclusion of 
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a coating liquid (EGC-1700) in the oil solution renders a clear and thin uniform film (~0.1 m 
thick). The thin film coating the microchannel walls prevents any adsorption phenomena that 
might bias the analysis. This on-line coating serves as an alternative to silane pretreatment
43
.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 A schematic of the microfluidic device having a 50 m deep, 50 m wide and 4 cm long channel. 
Cell loading was carried out by pumping the oil and cell suspension at 1.5 l min-1 and 1.0 l 
min-1, respectively. The inset depicts an image of cells which are encapsulated within droplets 
moving along the microchannel. 
 
 
 
On-line droplet detection was performed 4.0 mm from the droplet forming region. Two colour 
excitation using the 488 nm and 632.8 nm lasers was implemented for this experiment due to 
dual labelling of FITC and APC dyes on the cells. As droplets (containing single cells) travel 
past the detection point, the contained cells are coincidently excited by the two laser probe 
volumes at the centre of the channel. Based on the fluorescence emission spectra and intensity 
of each cell encapsulated within droplets, the expression levels of cell-surface antigens Stro-1 
and ALP can be confirmed. The fact that these antigens are present on distinct cell types 
allows for the targeting of three different developmental phenotypes of the osteoblast lineage. 
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Two previous studies
26,27
 have independently shown that by employing dual staining 
techniques with developmental markers Stro-1 and ALP, it is possible to identify sub-
populations, that based on functional and phenotypic criteria, appear to represent cells at 
different stages of osteogenic differentiation; namely early progenitors (Stro-1
+
/ALP
-
), 
preosteoblasts (Stro-1
+
/ALP
+
), and maturing osteoblasts (ALP
+
/Stro-1
-
). Progenitor cells 
stained with Stro-1-FITC were only excited by the 488 nm radiation and emit ‘green’ 
fluorescence, while ALP-APC stained pre- and mature- osteoblast cells were only excited by 
the 632.8 nm radiation and emit ‘red’ fluorescence. Due to dual labelling, pre-osteoblast cells 
are excited simultaneously by both lasers and thus emit both ‘green’ and ‘red’ fluorescence. 
Fluorescence bursts corresponding to the transit of single cells through the detection volume 
were recorded at 50 s resolution for a period of 60 s. It was noticed that single cells inside 
the droplets were preferentially located in the middle of the channel width, as seen in Figure 
4.5. Therefore, the 0.4m focused laser spot (which defines a probe volume of 1.5 fl) was 
positioned at the centre of the microfluidic channel to ensure that every cell passage was 
detected. An example of a fluorescence burst scan recorded over a time period of 5 seconds 
for both green and red detection channels is shown in Figure 4.6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 An example of a 5 s fluorescence burst scan. Droplet signatures obtained from green and red 
channels are coincident and have almost the same height. Spiked peaks on top of the droplet 
signals signify the presence of cells. The inset illustrates an expanded 300-ms part of the main 
trace. The spiked peaks in the green and red channels represent stem cells and osteoblast cells, 
respectively. Co-incident events from both channels originate from pre-osteoblast cells. 
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Droplet signatures from the green and red channels were coincident and approximately 
constant in height. It should also be noted that the fluorescence background present in all 
experiments is due to cell autofluorescence and the presence of unbound antibody left in 
solutions after staining. Attempts to reduce this non-specific fluorescent background resulted 
in an inability to clearly define positive and negative staining in droplets. In fact, the 
background fluorescence proved advantageous in some respects and was utilised to define 
droplet location. The transient ‘spiked’ peaks located on top of the background droplet signal 
correspond to the transit of a cell through the detection volume. Variation in the fluorescence 
intensity of such peaks was observed in both the green and red channels. This disparity is 
likely to be a consequence of a variable number of fluorophores being excited, which in turn 
is defined by a distribution of residence times of cells within the optical detection volume. 
 
4.3.2.2 Statistical Cell Analysis 
 
Single Cell Events 
 
To determine single cell events, droplet boundaries were determined using a threshold from 
Equation 4.1. This threshold is characterised as red rectangular-shaped signal, as shown in 
Figure 4.7a. Accordingly, every peak above this threshold value was considered as 
originating from a single cell event. Due to the existence of autofluorescent proteins and 
molecules on and/or within cell membranes, the cell peaks observed were not solely 
representative of stained cells. Accordingly, appropriately matched-isotype control antibodies 
were used in parallel with positively stained cell samples to determine the level of 
background fluorescence and the number of unstained cells. The number of events calculated 
from the control samples was subtracted from the number of events originating from the 
stained samples to quantify the absolute numbers of stained cells in each subpopulation. 
Surprisingly, many ‘small’ peaks, having intensities just above the threshold, were observed 
in the positively stained samples and not in isotype control samples. These peaks will cause a 
positive error in the number of positive cells calculated in each subpopulation after 
subtraction. These small peaks are most likely due to unbound antibodies left in solution and 
not a result of cell autofluorescence, since they were only found in stained samples. In 
addition, the stained cell peaks should be significantly higher than the threshold intensity. 
Consequently, another threshold, namely ‘search above’ (nSA), was established to allow 
rejection of these small peaks. The nSA value is defined according to; 
 
                                                                 nSA = nd + 3/2nd                                                   (4.2) 
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By using this additional threshold parameter, only peaks above the nSA value are called and 
defined as cell peaks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Cell characterisation. (a) An example of threshold setting in the green channel. A threshold was 
established above the droplet height to define cell peaks. The threshold was represented as 
rectangular-shaped signal. (b, c) Probability distributions of cell occupancy per droplet and cell 
localisation within droplets, respectively. 
 
 
A probability distribution of cell occupancy (per droplet) is illustrated in Figure 4.7b. Under 
the flow rates operated and sample cell density, single cell occupancy per droplet was 
achieved. Specifically the instantaneous occupation probabilities are 75% (for an empty 
droplet), 20% (for single occupancy) and 5% (for double occupancy). It should be noted that 
the cell occupancy in each droplet can be easily controlled by changing flow rates and cell 
loading (Section 4.3.1). Data obtained from the current experiments were recorded over 
approximately1,000 droplets, which is enough for ensemble cell quantification. Additionally, 
average cell location within droplets was extracted from the temporal variation in 
fluorescence intensity. Inspection of Figure 4.7c illustrates that most cells are localised 
towards the front of a droplet (in the direction of flow). 
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Analysis of Co-incident Events 
 
To quantify each cell population (in terms of the relative proportion of progenitor cells, pre-
osteoblasts and osteoblasts), co-incident events between the green and red channels were 
evaluated. Co-incident peaks are defined by an exact temporal match between peaks in both 
green and red channels. If peaks are offset by more than 1 ms, they are not considered to be 
co-incident. An example of such co-incident data is shown in Figure 4.8, in which the x axis 
indicates the offset time of cell peaks between the green and red channels. A co-incident 
event is obtained from the frequency value at time equal to 0. In this sample, 70 co-incident 
events were identified, indicating the number of preosteoblast cells possessing both ALP and 
Stro-1 markers (Stro-1
+
/ALP
+
) present. Subtraction of these co-incident events from the total 
number of cells called in the green and red channels provides the true number of only green 
and red cells, i.e. progenitor cells and osteoblast cells, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 Co-incident events between green and red channels. The number of co-incident peaks denotes 
pre-osteoblast cell population. 
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4.3.2.3 Flow Cytometry Analysis 
 
Flow cytometry analysis of cells was conducted by Ian Bonzani. When detecting rare cells 
within heterogeneous populations, it is crucial that one be able to objectively discriminate 
between the true staining of cells by immunofluorescence methods and experimental staining 
artefacts that include dead cells, aggregates, non-specific staining, and autofluorescence. This 
is particularly important for flow cytometry-based methods where accuracy and interpretation 
of results are defined in large part by the expertise of the user. Accordingly, numerous steps 
were taken to improve the accuracy and reproducibility of the analytical data relating to the 
cell populations under study. First, mouse serum was used to block non-specific Fc receptor 
binding sites present on the surfaces of cells, thereby reducing the number of false positives 
present in each analysis. Second, cell debris and staining aggregates were eliminated from 
further analysis based on their distinct light scattering characteristics (Figure 4.9a). Third, to 
reduce high levels of autofluorescence exhibited by periosteal cells, the APD operating 
voltages were decreased so that >85% of the signals from the unstained cells appeared in the 
first decade of each fluorescence channel (Figure 4.9b).  Attempts to further decrease the 
voltage resulted in a significant reduction in instrument sensitivity and an inability to discern 
positive staining. Lastly, isotype controls matched to each primary mAb were used to set the 
gates used in determining the true proportions of cells positively expressing each antigen 
(Figure 4.9c). For each antibody or antibody combination, positive expression was defined as 
the percentage of stained cells with fluorescence levels ≥ 99% of the corresponding isotype-
matched control antibody stained cells. 
 
Flow cytometric analysis of periosteal cell light scattering characteristics revealed the 
presence of a heterogeneous mixture of cells with varying sizes (FSC) and granularity (SSC) 
(Figure 4.9a). This observation confirms previous periosteal cell characterisation studies, 
which detailed the presence of morphologically and phenotypically heterogeneous cell 
populations
44
. The immunophenotypic analysis, presented here, revealed three distinct cell 
phenotypes based on the differential expression of antigens Stro-1 and ALP. A representative 
example of the gating schemes and resulting expression levels of each target phenotype 
present in periosteal cells derived from one donor is shown in Figure 4.9. Across all donors, 
periosteal cells demonstrated a heterogeneous pattern of expression for both the Stro-1 and 
ALP antigens. The majority (>70%) of periosteal cells demonstrated no detectable levels of 
Stro-1 or ALP at the surface (Stro-1
-
/ALP
-
). A high proportion of the remaining periosteal cell 
populations expressed the osteoblastic maker ALP exclusively (14.1 ± 11.2%, mean ± SD), 
while only minor populations were found to express the Stro-1 antigen (3.4 ± 3.6%). While 
inter-donor variations in phenotype were found, this experimental set-up and gating system 
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enabled the objective and reproductive identification and enumeration of distinct cell 
phenotypes in heterogeneous populations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9 Representative dot-plot histograms demonstrating the light scattering characteristics (a), 
autofluorescence (b), immunoreactivity of isotype controls (c) and mAbs ALP and Stro-1 (d) 
with human periosteal cells derived from a 73 yr old female. Dual colour flow cytometric 
analysis identified the presence of three distinct phenotypes (d), namely Stro-1+/ALP- (lower 
right gate), ALP+/Stro-1- (upper left gate) and Stro-1+/ALP+ (upper right gate). To determine the 
relative population size of each phenotype, at least 20,000 events were collected per sample. 
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4.3.2.4 Droplet Microfluidics versus Flow Cytometry 
 
To prove the accuracy and biological capability of the droplet-based microfluidic system, cell 
characterisation results from the microfluidic system were compared with flow cytometry 
data. Phenotypic results were compared in periosteal cell cultures derived from 4 different 
donors aged 31-73 yrs. For both analytical techniques, the same sample population was used, 
so as to allow for direct comparison and reduce the likelihood of population differences. 
Comparative results are presented in Table 4.1, in which Stro-1
+
/ALP
-
, ALP
+
/Stro-1
-
 and 
Stro-1
+
/ALP
+
 symbolise progenitor cells, osteoblasts and pre-osteoblasts, respectively. When 
comparing the results generated using flow cytometry (FC) with droplet-based microfluidics, 
it was found that both systems detected almost identical expression levels of each phenotype 
in each donor. Similarly, these population percentages, particularly Stro-1
+
 cells, are 
consistent with expression levels measured in other stem cell sources, such as the trabecular 
bone explants, bone marrow, synovium, adipose tissue, and muscle
26,45,46
. The small 
differences (± 1.9 %) noted in the expression levels between the two analytical techniques 
were most likely due to discrepancies between the user-defined gates and thresholds. 
Furthermore, the droplet-based microfluidics approach was able to detect both minute and 
substantial donor dependent differences in each target phenotype; particularly the ALP
+
/Stro-
1
-
 population, which was expressed in <3% to >29% of the total population. This wide range 
in sensitivity is important in many biological assays, which are reliant on the ability to detect 
both small- and large- scale changes in cell characteristics and functions. These include the 
identification of phenotypic changes in cells due to donor age, sex, and health, and cell 
culture microenvironment
47-52
.  
 
 
Table 4.1 Identification of stage-specific cell phenotypes using flow cytometry and droplet microfluidics. 
 
Donor 
Stro-1
+
/ALP
-
 (% total)  ALP
+
/Stro-1
-
 (% total)  Stro-1
+
/ALP
+
 (% total) 
FC Droplet  FC Droplet  FC Droplet 
31 yrs male 4.31 4.08  3.78 3.20  0.41 0.32 
73 yrs male 10.12 8.23  9.35 9.15  2.36 2.86 
32 yr male 0.70 0.75  13.71 13.80  0.50 0.57 
43 yrs female 0.29 0.38  29.64 30.43  -
a 
-
a 
aNo data due to insufficient cells 
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4.4 SUMMARY 
 
In conclusion, it has been shown that single cells can be controllably compartmentalised 
within aqueous microdroplets. Use of a confocal fluorescence detection system allows for on-
line detection of droplets containing cells, which is crucial for extracting cellular information 
in high-throughput applications. This approach may have a major impact on the study of 
many biological systems and opens the door to future high-throughput single cell assays and 
screening applications. 
 
In addition, droplet microfluidics exhibits the ability to serve as an accurate and reproducible 
strategy to simultaneously isolate and detect typical (ALP
+
) and atypical (Stro-1
+
) cell types 
present in heterogeneous cell cultures. The single cell measurements performed using the 
droplet microfluidic platform were found to be in excellent agreement with results generated 
using conventional flow cytometry. This confirms the biological capacity of droplet 
microfluidics and further verifies this technology as an accurate and reliable alternative to 
flow cytometry based assays for cell characterisation.  
 
For therapy development, droplet microfluidics represents a potentially fast and efficient 
clinical platform technology for purifying and further characterising heterogeneous 
populations. This study is the very first step towards the development of a novel 
microfluidics-based cell-sorting platform. As shown here, droplet microfluidics provides a 
simple route to physically encapsulating and simultaneously characterising single-cells. 
Further experiments should focus on the use of droplet-based microfluidic systems combined 
with external electric fields to safely and effectively separate viable cells from heterogeneous 
populations. Thus, using this approach, droplets containing cells of interest can be selected 
and isolated without damaging the cells themselves. This is a key advantage of droplet-based 
microfluidics and will define the next generation of high-throughput single cell assays.  
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BINDING ASSAYS & KINETICS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-You cannot teach a man anything, you can only help him find it within himself- 
 Galileo Galilei 
“A droplet-based microfluidic system combined with the custom built confocal 
fluorescence microscope is used to perform a high-throughput biological assay. 
Using the streptavidin-biotin interaction as a model, high-throughput binding 
assays and kinetic studies are investigated.” 
 
FRET 
Emission 669 nm 
Emission 519 nm 
AF647 
Hybridised DNA 
AF 
488 
Biotin 
Streptavidin 
Excitation 488  nm 
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5.1 INTRODUCTION 
 
Droplet microfluidic systems provide a controlled environment in which to perform rapid 
mixing, isolation of picolitre size fluid volumes and rapid variation of reaction conditions. 
Indeed, the ability to controllably form droplets with variable reagent composition at high 
speed lies at the heart of performance improvements when compared to conventional 
microfluidic devices operating under laminar flow conditions. Furthermore, it is important to 
realise that segmented-flow systems can generate droplets at rates in excess of 1 kHz. In 
theory, this means that millions of individual reactions or assays can be processed in very 
short times. Accordingly, droplet microfluidics is a promising technology to perform 
reactions and assays in a high-throughput manner. 
 
An elegant example of the application of droplet-based systems in high-throughput analysis 
was demonstrated by Ismagilov and colleagues, in which they used droplets to measure 
binding reactions on a millisecond time scale
1
. More recently, droplet-based microfluidics has 
been exploited to perform high-throughput screening of bacteria for antibiotic drug 
susceptibility in samples without pre-incubation
2
 and parallel agglutination assays for ABO 
and D blood typing and group A subtyping
3
. These studies were discussed in detail in 
Chapter 1. 
 
In addition to assays, droplet microfluidics has also been used in rapid kinetic measurements
4
, 
which are important in understanding chemical/biological processes, such as protein folding
5,6
 
and enzyme activity
7-9
. Typically, kinetic measurements are accessed using stopped-flow
10
 
and hydrodynamic focusing methods
11
. Based on turbulent flow to induce rapid mixing of 
reagents, stopped-flow analysis requires large amounts of sample solutions. Hence, a stopped-
flow method is unsuitable for studying kinetics of biological samples normally produced in 
small quantities. Accordingly, microfluidic approaches using hydrodynamic focusing are 
widely used to study kinetics due to rapid mixing and low sample consumption. However, in 
order to generate rapid mixing by diffusion, a very thin central stream is required. This can be 
achieved by increasing flow rates of side streams (sheath flows) to hydrodynamically confine 
a central flow. Consequently, the side solution needs to be used in excess to obtain rapid 
mixing. Therefore, hydrodynamic focusing is not suitable for kinetic measurements requiring 
a concentration variation of both reagents. 
 
Although mixing inside droplets is not as fast as mixing within in a hydrodynamic focusing 
format, kinetic measurements using droplet microfluidics have shown some advantages in 
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terms of accessing short reaction time scales, low sample requirements and the removal of 
reagent dispersion
4
. Further, reactions can be precisely and accurately controlled and 
monitored over a range of time scales. For this reason, droplet microfluidics is an alternative 
and promising technique to study reaction kinetics.  
 
In all situations, online droplet detection is one of the most challenging issues in extracting 
the huge amounts of information produced from droplet systems. Indeed, few - if any - studies 
have successfully exploited this unique feature, with analytical throughput normally defined 
by the speed at which the detection system can function. Although a range of detection 
methods have been used to characterise droplets, almost all reported studies incorporate 
fluorescence detection using a microscope equipped with a high speed CCD camera. 
Unfortunately, these cameras lack sensitivity when compared to avalanche photodiode 
detectors (APDs), which possess both high sensitivity
12
 and fast response times. 
 
In addition, although kinetic information can be extracted by analysing fluorescence images 
from a CCD camera, this method mainly relies on investigating selected areas of interest and 
uniform illumination by the light source to ensure that the entire sample area is illuminated 
homogeneously. Moreover, a CCD camera is not fast enough to sensitively interrogate each 
droplet to obtain kinetic data. Hence, a highly efficient detection system, which can monitor 
reaction kinetics in real time within individual droplets, is certain to be key in defining the 
ultimate utility of droplet-based microfluidic systems in kinetic measurements. 
 
To this end, a high sensitivity confocal fluorescence detection system coupled with droplet 
microfluidics is presented as a novel approach for conducting high-throughput biological 
assays. This technology is shown to perform high-throughput DNA binding assays. The 
binding between streptavidin and biotin is observed via analysis of fluorescence resonance 
energy transfer (FRET). By attaching a FRET donor to streptavidin and labelling a FRET 
acceptor on one DNA strand and biotin on the complementary strand, the donor and acceptor 
can be brought into close proximity due to streptavidin-biotin binding, resulting in observable 
FRET. The application of such a format is especially advantageous since analyte confinement 
and isolation within droplets removes any possibility of surface adsorption and other forms of 
contamination that afflict conventional, single phase laminar flow systems. In addition, since 
mixing is rapid and reagent transport occurs with no dispersion, microdroplet reactors are 
superior environments in which to study reaction kinetics when compared to diffusion 
limited, continuous flow formats. 
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Typically, determination of binding rate constants is more difficult than determination of 
dissociation rate constants as most biological molecules bind much more quickly than they 
dissociate. Indeed, streptavidin-biotin binding demonstrates a high association constant (Ka 
1015 M-1)13-16. Accordingly, it is more practical to carry out experiments which measure the 
dissociation rate constant. However, due to rapid mixing, droplet systems can be suitably 
configured to determine binding kinetics. Exploiting this approach, the binding kinetics of the 
streptavidin and biotin system can be monitored in real time.  
 
In addition, the system was also used to study protein-protein interactions. Such interactions 
play crucial roles in biological processes. For example, signal mediation between the exterior 
and interior of a cell is normally a result of protein-protein interactions
17
. Accordingly, the 
ability to monitor protein-protein interactions is recognised to be important in developing 
effective diagnostic techniques, cultivating disease therapies and discovering new small-
molecule drug candidates. 
 
In the current studies, angiogenin (ANG), a small polypeptide implicated in angiogenesis and 
in tumour growth, was used as a model protein to confirm the efficacy of droplet-based 
microfluidics to perform high-throughput protein analysis. The protein-protein interactions 
between anti-ANG antibody (anti-ANG Ab) and an ANG antigen were observed using FRET 
measurements. Specifically, studies involved labelling anti-ANG Ab and ANG with donor 
and acceptor fluorophores, respectively. By monitoring FRET, binding interactions were 
observed and quantified to determine the dissociation constant (KD).  
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5.2 BASIC PRINCIPLES 
 
5.2.1 Fluorescence Resonance Energy Transfer 
 
One of the most common fluorescence-based detection techniques used to study biological 
molecules is FRET. FRET defines a non-radiative energy transfer process between a donor 
molecule (D) and an acceptor fluorescent molecule (A)
18
. The efficiency of energy transfer 
depends on (i) the extent of overlap between the emission spectrum of the donor and the 
absorption spectrum of the acceptor (ii) the orientation of the dipole moment between the 
donor and the acceptor molecules (iii) the distance between the donor and acceptor molecules 
and (iv) the fluorescence quantum yield of the donor. An example of the required spectral 
overlap between the donor and the acceptor is shown in Figure 5.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 An example of spectral overlap between an emission spectrum of a donor (Alexa Fluor 488) and 
an excitation spectrum of an acceptor (Alexa Fluor 647) for FRET. 
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As seen from Figure 5.1, the more the spectra overlap, the higher the FRET efficiency due to 
more energy transfer. However, if the spectral overlap is too much, the leakage of the donor 
emission can be observed in the acceptor detector. Thus, FRET efficiency and leakage have to 
be carefully balanced. The rate of energy transfer can be determined in terms of the Förster 
distance (R0), defined as the distance at which half the energy from the donor is transferred to 
the acceptor. Simply put, R0 is the distance at which the FRET efficiency is 50%. This is 
typically between 20-90 Å
18
, which is often ideal for studying biological macromolecules. As 
a distance-dependent process, FRET is dubbed ‘a spectroscopic ruler’ and is used to 
determine the distance between two molecules
19
. 
 
The process of energy transfer in FRET can be schematically explained using Figure 5.2. 
When the donor is excited by light of an appropriate wavelength, its electrons move very 
quickly from the ground state (S0D) to the excited state (S1D). The electrons then very rapidly 
relax (or thermalise) to the lowest vibrational energy level of S1D. Subsequently, the donor 
electrons return to the ground state by emitting fluorescence photons. As a result of the 
spectral overlap, some energy is non-radiatively transferred to excite the acceptor. Therefore, 
for FRET, two fluorescent signals from the donor and acceptor are obtained, but only the 
donor is targeted by photo excitation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 Energy transfer during FRET. When excited by a light source, a donor emits fluorescence and, at 
the same time, some energy is transferred to excite an acceptor. This can lead to dual emission 
from the donor and acceptor. kr and knr denote radiative and non-radiative rate constants, 
respectively Adapted from reference 19. 
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The rate of energy transfer between the donor and acceptor (kFRET) is given by
18
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where RDA is the distance between the donor and the acceptor, and  is the fluorescent lifetime 
of the donor without the presence of acceptor. The energy transfer rate is inversely 
proportional to 6DAR . The efficiency of energy transfer (EFRET) defines the fraction of photons 
absorbed by the donor which are transferred to the acceptor
18
. EFRET can be determined from 
the ratio of the transfer rate to the total decay rate of the donor in the presence of the acceptor; 
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Here, kr is the radiative rate constant and knr is the non-radiative rate constant. As  = 1/(kr + 
knr), re-arrangement of Equations 5.1 and 5.2 yields 
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From Equation 5.3, it is clear that the FRET efficiency strongly depends on the distance 
between the donor and the acceptor. To calculate EFRET, R0 (in Å) is estimated from the 
following equation; 
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D
42
0 ]λ[κ2110
/Qn)(J.R                                           (5.4) 
 
where 2 is a relative orientation factor in space between the transition dipoles of the donor 
and acceptor, which is generally assumed to be 2/3
18
. J() is the overlap integral between 
donor emission and acceptor absorption, n represents the refractive index of the medium, and 
QD is the fluorescence quantum yield of the donor.  
 
Since FRET is extremely sensitive to the distance between the donor and acceptor, this 
technique has been extensively used for biological applications, such as measuring kinetics in 
various biological molecules
20,21
, monitoring protein conformation changes
22,23
 and studying 
binding assays between biomolecules
24-26
.  
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5.2.2 Streptavidin-Biotin Binding 
 
Streptavidin is a tetrameric protein extracted and purified from the bacterium Streptomyces 
avidinii
14
. Each of the four subunits of a streptavidin molecule possesses an extraordinarily 
strong affinity toward the vitamin biotin
27,28
. The binding between streptavidin and biotin is 
well known as one of the strongest noncovalent protein-protein or protein-ligand interactions 
(the association constant, Ka 10
15
 M
-1
)
27
. Accordingly, a variety of applications in the 
biomedical and natural sciences have taken advantage of this specific interaction in the 
investigation of many biological systems
28,29
. For example, by exploiting the strong 
streptavidin-biotin binding, biomolecules can be attached to other molecules or onto a solid 
support. Herein, streptavidin-biotin binding was exploited as an excellent model to 
demonstrate a biological binding assay using droplet-based microfluidics. 
 
 
5.3 EXPERIMENTAL 
 
5.3.1 Chemicals and Oligonucleotides 
 
5.3.1.1 Chemicals 
 
Perfluorodecalin (PFD: 95% mixture of cis and trans) and 1H,1H,2H,2H-perfluoro- octanol 
(97%) were purchased from Aldrich. Tris(hydroxymethyl) aminomethane hydrochloride 
(Tris-HCl) pH 8.0 buffer was obtained from Fluka. Sodium chloride (NaCl) and magnesium 
chloride (MgCl2) were from Fluka. Deionised water (18 M) was used for preparation of all 
solutions. All solutions were filtered using 0.2 m syringe filters (Pall Corporation, UK) 
before use.  
 
5.3.1.2 Oligonucleotides 
 
Alexa Fluor 488 (AF488) Streptavidin conjugate was obtained from Invitrogen (UK) and 
used as received. Oligonucleotides were purchased from Operon (Germany). A biotinylated 
DNA strand consisting of the following sequence was used in all assays; Biotin-5’-
GCGCTAAAATTATTTATTGATCGATTTTTTTTCGGGCGCGGCGGGC-3’. Alexa Fluor 
647 (AF647) was internally labelled on a complementary strand having the sequence: 3’-CG 
CG[AF 647]ATTTTAAAAATAACTAGCTAAAAAAAAGCCCGCGCCGCCCG-5’. These 
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sequences contain 46 base pairs, mostly consisting of C and G bases for stabilising double 
stranded DNA. 
 
5.3.2 DNA Hybridisation 
 
DNA hybridisation was performed at pH 8.0 using a binding buffer consisting of 100 mM 
Tris-HCl, 10 mM NaCl and 3 mM MgCl2. The mixture of single-stranded DNA (biotin-
labelled DNA and AF 647-labelled DNA) was prepared by pipetting 50 l of 200 nM of each 
DNA solution into 200 l Eppendorf tubes, resulting in a concentration of 100 nM. The DNA 
mixture was hybridised using a Genius Thermal Cycler (Techne, UK). The hybridisation 
process was carried out by rapidly increasing the temperature to 92 C and holding at this 
temperature for 2 minutes. The temperature was then slowly decreased to 4 C at a rate of 
1.6 C min-1. 
 
5.3.3 Protein Preparation 
 
5.3.3.1 Expression and Purification of Angiogenin (AGN) 
 
ANG protein expression, purification and fluorescence labelling were carried out by Dong-Ku 
Kang from the Department of Biochemistry at Chungbuk National University, Korea. AGN 
was expressed in E. coli strain Rossetta (DE3)pLysS, carrying the ANG gene was used for 
expression of angiogenin
30
. Isolated inclusion bodies were dissolved in 6 M guanidine 
hydrochloride (GdnHCl), 100 mM Tris/HCl (pH 8), 1 mM EDTA, 100 mM NaCl and 10 mM 
reduced DTT (DTTred). Solutions of inclusion bodies were diluted for refolding to 0.2 mg 
protein ml
−1
, 0.5 mM DTTred and 0.3 M GdnHCl with a buffer containing 100 mM Tris/HCl 
(pH 8), 1 mM EDTA, 0.3mM GSSG and 1.5 mM GSH and then incubated for 24 h at 4 ºC. 
Once folding was judged to be complete, the solution was concentrated by ultrafiltration and 
then loaded onto a cation-exchange fast protein liquid chromatography (FPLC) column 
packed with SP-sepharose Fast Flow (GE Healthcare Life Sciences, USA) and equilibrated 
with 25 mM Tris/HCl (pH 8). The collected fractions from the FPLC column were dialysed 
against water and lyophilised. The purified ANG was characterized by various analytical 
methods, including N-terminal sequencing, mass spectrometry, circular dichroism and 
bioassays.  
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5.3.3.2 Fluorescence Labelling  
 
The purified ANG and anti-ANG Ab were labelled with AF647 and AF488, respectively, 
using an Alexa Fluor 488/647 Protein Labelling kit (Invitrogen, USA) according to the 
manufacturer’s protocol. The Alexa Fluor conjugated proteins were purified using a 
Sephadex
TM
 G-25 (GE Healthcare Life Sciences, USA). 
 
5.3.4 FRET Binding Assays 
 
A streptavidin-biotin binding assay based on FRET was demonstrated using the droplet-based 
microfluidic system. AF488 and AF647 were selected as a FRET donor and a FRET acceptor 
in order to minimise crosstalk and avoid direct excitation of the acceptor as a result of spectral 
overlap. Due to the high sensitivity of the APD detectors, fluorescence from FRET can be 
detected accurately and precisely even at low FRET efficiencies. It was found that crosstalk 
of this FRET pair was only 1.2%. This investigation was performed on a cover slip by 
measuring the red fluorescence signals of the donor with and without the acceptor. The 
subtraction of these two values was used to calculate the crosstalk percentage. A spectral 
overlap between the emission spectrum of the donor and the absorption spectrum of the 
acceptor is shown in Figure 5.1. The Förster distance R0 (the distance at which FRET 
efficiency is 50%) of this FRET pair was estimated to be 40.0 Å on the basis of Förster 
formalism
20
. The donor-acceptor distance (RDA) was found to be 41.6 Å, calculated using a 
distance of 13.6 Å for the 4 base pair separation between the donor and acceptor and the radii 
of streptavidin (25.0 Å) and biotin (3.0 Å)
25
. 
 
To perform the high-throughput binding assay, the donor (AF488) was conjugated with 
streptavidin and one of the two DNA sequences was labelled with the acceptor (AF647) and 
the other with biotin. Accordingly, hybridised DNA (Section 5.3.2) consisted of AF647 on 
one strand and biotin on the complementary strand. The acceptor was linked to the donor via 
the biotin-streptavidin linkage, resulting in FRET. 
 
The assay was carried out using 3-aqueous-inlet T-junction microfluidic devices, having 50 
m wide, 50 m deep and 44 cm long channels. Precision syringe pumps (PHD 2000, 
Harvard Apparatus, UK) were used to deliver reagent solutions. The flow rates of the pumps 
were controlled via a computer using a programme written in LabView. All aqueous solutions 
were pumped into the microfluidic channels using 250 l gastight syringes (SGE Europe Ltd, 
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UK), whereas a 2.5 ml gastight syringe was used to deliver the continuous oil-phase. This 
consisted of a 10:1 (v/v) mixture of perfluorodecalin and 1H,1H,2H,2H-perfluorooctanol. 
 
The flow rates of both the oil phase and aqueous solutions were set to 1.5 l min-1, resulting 
in a total flow rate of 3.0 l min-1 (20 mm s-1) and a water fraction of 0.5. The acceptor-
labelled hybridised DNA (prepared using the procedure defined in Section 5.3.2) and the 
donor-conjugated streptavidin solutions were introduced separately through the aqueous 
inlets. The binding buffer was delivered into the middle aqueous inlet to prevent the reagents 
from coming into contact prior to droplet formation and to allow for on-chip dilution. Thus, 
mixing and binding of streptavidin and DNA will only occur inside a droplet. A schematic of 
the experimental set up is presented in Figure 5.3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 (a) A schematic of the microfluidic setup for FRET binding assays. The AF488 conjugated 
streptavidin solution flows into the left inlet, while AF647 and biotin labelled DNA solution is 
pumped through the right inlet. The binding buffer is delivered into the middle inlet. (b) 
Schematic of the FRET process. The acceptor is linked to the donor via the streptavidin-biotin 
linkage, resulting in FRET. 
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Due to the streptavidin and biotin linkage, the donor and acceptor molecules were brought 
into close proximity, resulting in FRET. Online detection was conducted at 42 cm or 20 s 
(the total channel length is 44 cm) downstream from the droplet-forming region. AF488 
emits green fluorescence with a peak maximum at 519 nm when excited. Upon binding, some 
energy can be transferred to excite AF647. Red fluorescence was detected by the acceptor 
APD detector, at wavelengths between 650-710 nm. In effect, two fluorescence signals, from 
AF488 and AF647, were detected simultaneously using separate APD detectors (green and 
red channels) and recorded for periods of 60 s using a 50 s resolution. The FRET assay 
experiments were carried out using two different approaches; (i) fixed donor-labelled 
streptavidin concentration and (ii) fixed acceptor-labelled DNA concentration. 
 
5.3.4.1 Fixed Donor-Labelled Streptavidin Concentration 
 
The initial assay was conducted by fixing the donor-labelled streptavidin concentration and 
varying the acceptor-labelled DNA concentration. This was achieved by keeping the flow rate 
of the 110 nM donor-labelled streptavidin constant, while changing the flow rate of the 100 
nM acceptor-labelled DNA. The microfluidic setup for this experiment is schematically 
illustrated in Figure 5.4. The flow rate of the binding buffer was changed so as to maintain a 
total aqueous flow rate of 1.50 l min-1. To study the effect of streptavidin concentration on 
binding curves, the fixed flow rate of streptavidin was changed from 0.20 to 0.30 l min-1 to 
obtain 14.7 and 22.0 nM streptavidin concentrations, respectively.  
 
 
 
 
 
 
 
 
 
 
Figure 5.4 Maintenance of a fixed streptavidin concentration for FRET binding experiment. Microfluidic 
channels were 50 m deep, 50 m wide and 44 cm long. Total flow rate was 3.0 l min-1 (20 
mm s-1) and Wf was 0.5. 
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Variation of DNA concentration  
 
To enable comparison of binding results for each streptavidin concentration, the same set of 
DNA flow rates (varied from 0.10 to 1.10 l min-1) was used. Consequently, concentration 
ratios (CR), defined as the ratio of DNA concentration to streptavidin concentration, were 
slightly different for each streptavidin concentration. Taking advantage of the microfluidic 
approach used, concentrations of each solution were precisely and continuously varied by 
changing the flow rates of the syringe pumps. Conditions for fixed streptavidin concentrations 
at 0.20 and 0.30 l min-1 using the same DNA concentration set are shown in Table 5.1.  
 
 
 
Table 5.1 Conditions used for varying DNA concentration with fixed streptavidin flow rates at 0.20 and 
0.30 l min-1. Other parameters: Wf = 0.5, an oil flow rate of 1.5 l min
-1 and a total aqueous 
flow rate of 1.5 l min-1. 
 
FSt FD FB [St] nM [DNA] nM CR 
0.20
a 
0.30
b 
0.20
a 
0.30
b 
0.20
a 
0.30
b 
0.20
a 
0.30
b 
0.20
a 
0.30
b 
0.20
a 
0.30
b 
0.20 0.30 0.10 0.10 1.20 1.10 14.67 22.00 6.67 6.67 0.45 0.30 
0.20 0.30 0.20 0.20 1.10 1.00 14.67 22.00 13.33 13.33 0.91 0.61 
0.20 0.30 0.30 0.30 1.00 0.90 14.67 22.00 20.00 20.00 1.36 0.91 
0.20 0.30 0.40 0.40 0.90 0.80 14.67 22.00 26.67 26.67 1.82 1.21 
0.20 0.30 0.50 0.50 0.80 0.70 14.67 22.00 33.33 33.33 2.27 1.52 
0.20 0.30 0.60 0.60 0.70 0.60 14.67 22.00 40.00 40.00 2.73 1.82 
0.20 0.30 0.70 0.70 0.60 0.50 14.67 22.00 46.67 46.67 3.18 2.21 
0.20 0.30 0.80 0.80 0.50 0.40 14.67 22.00 53.33 53.33 3.64 2.42 
0.20 0.30 0.90 0.90 0.40 0.30 14.67 22.00 60.00 60.00 4.09 2.73 
0.20 0.30 1.00 1.00 0.30 0.20 14.67 22.00 66.67 66.67 4.55 3.03 
0.20 0.30 1.10 1.10 0.20 0.10 14.67 22.00 73.33 73.33 5.00 3.33 
F = flow rate (l min-1)            a fixed Fst at 0.2 l min
-1 
St = streptavidin, D = DNA, B = binding buffer      b fixed Fst at 0.3 l min
-1 
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Table 5.2 Conditions for varying the concentration ratio with fixed streptavidin flow rates of 0.20 and 0.30 
l min-1. Other parameters: Wf = 0.5, an oil flow rate of 1.5 l min
-1 and a total aqueous flow rate 
of 1.5 l min-1. 
 
FSt FD FB [St] nM [DNA] nM CR 
0.20
a 
0.30
b 
0.20
a 
0.30
b 
0.20
a 
0.30
b 
0.20
a 
0.30
b 
0.20
a 
0.30
b 
0.20
a 
0.30
b 
0.20 0.30 0.07 0.10 1.23 1.10 14.67 22.00 4.40 6.67 0.30 0.30 
0.20 0.30 0.13 0.20 1.17 1.00 14.67 22.00 8.95 13.33 0.61 0.61 
0.20 0.30 0.20 0.30 1.10 0.90 14.67 22.00 13.35 20.00 0.91 0.91 
0.20 0.30 0.27 0.40 1.03 0.80 14.67 22.00 17.75 26.67 1.21 1.21 
0.20 0.30 0.33 0.50 0.97 0.70 14.67 22.00 22.29 33.33 1.52 1.52 
0.20 0.30 0.40 0.60 0.90 0.60 14.67 22.00 26.69 40.00 1.82 1.82 
0.20 0.30 0.47 0.70 0.83 0.50 14.67 22.00 31.09 46.67 2.21 2.21 
0.20 0.30 0.53 0.80 0.77 0.40 14.67 22.00 35.49 53.33 2.42 2.42 
0.20 0.30 0.60 0.90 0.70 0.30 14.67 22.00 40.04 60.00 2.73 2.73 
0.20 0.30 0.67 1.00 0.63 0.20 14.67 22.00 44.44 66.67 3.03 3.03 
0.20 0.30 0.73 1.10 0.57 0.10 14.67 22.00 48.84 73.33 3.33 3.33 
 
 
Variation of concentration ratio  
 
In addition to the variation of DNA concentration, a variation of CR was also conducted to 
investigate binding. The concentration ratios were varied from 0.30 to 3.33 for each 
streptavidin flow rate (0.20 and 0.30 l min-1). This results in slightly different DNA 
concentrations, as shown in Table 5.2. 
 
5.3.4.2 Fixed Acceptor-Labelled DNA Concentration 
 
The flow rate of 100 nM acceptor-labelled DNA was kept constant, whereas the flow rate of 
100 nM donor-labelled streptavidin was varied to generate binding curves. The setup for each 
inlet of the microfluidic device is schematically illustrated in Figure 5.5. Fixed DNA 
concentrations were changed from 13.3 to 16.7 nM by varying volumetric flow rates between 
0.20 and 0.25 l min-1. For each DNA concentration, the same concentration ratios were 
maintained between 0.30 and 3.00 to study the effect of each fixed DNA concentration on the 
binding curves. 
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Figure 5.5 Schematic of microfluidic device setup used for fixed DNA concentration for FRET experiment. 
Microfluidic channels were 50m deep, 50m wide and 44 cm long. The total flow rate was 3.0 
l min-1 (20 mm s-1) and Wf was 0.5. 
 
 
5.3.5 FRET Binding Kinetics 
 
The streptavidin-biotin binding kinetic measurements were performed by fixing the donor-
labelled streptavidin concentration and varying the acceptor-labelled DNA concentration. The 
flow rate of 110 nM donor-labelled streptavidin was maintained at 0.3 l min-1 (resulting in a 
concentration of 22.0 nM), while the flow rates of 100 nM biotin and acceptor-labelled DNA 
were varied. To obtain uniform droplets, the DNA flow rates were changed from 0.3 to 0.9 
l min-1 (using steps of 0.1 l min-1), giving a concentration range of 20.0 to 60.0 nM. 
Consequently, concentration ratios were changed from 0.91 to 2.73. Accordingly, the flow 
rate of the binding buffer at the middle inlet was adjusted so as to maintain a total aqueous 
flow rate of 1.50 l min-1. The experimental conditions are detailed in Table 5.3. 
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Table 5.3 Experimental conditions for the FRET kinetic measurements. 
 
Flow rate (l min-1)  Concentration (nM)  
CR 
Streptavidin DNA Buffer  Streptavidin DNA  
0.3 0.3 0.9  22.0 20.0  0.91 
0.3 0.4 0.8  22.0 26.7  1.21 
0.3 0.5 0.7  22.0 33.3  1.52 
0.3 0.6 0.6  22.0 40.0  1.82 
0.3 0.7 0.5  22.0 46.7  2.12 
0.3 0.8 0.4  22.0 53.3  2.42 
0.3 0.9 0.3  22.0 60.0  2.73 
 
 
The streptavidin-biotin binding kinetics were observed via FRET by monitoring the acceptor 
fluorescence intensities at different time points as the detection probe volume was moved 
downstream the channels, as shown in Figure 5.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 Schematic of experimental setup for the binding kinetics experiment. The detection probe volume 
was moved downstream, as illustrated using a red arrow, to provide temporal resolution. The 
microfluidic channel is 50 m wide and deep and 44 cm long. 
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Ideally, for kinetic measurements, mixing must be complete before acquisition of data. By 
integrating a winding part into microchannels, complete mixing can be achieved within 60 ms 
for this device under the applied flow conditions. Additionally, using a microfluidic system 
allows exquisite control over the concentration of reagents within the droplets flowing 
through the microfluidic device. Consequently, it is possible to closely monitor the extent of a 
reaction and the kinetics with excellent temporal resolution.  
 
 
5.3.6 FRET Protein-Protein Interactions 
 
Protein FRET experiments were carried out using the microfluidic device used for the 
streptavidin-biotin binding assays. Two protein solutions and PBS buffer were introduced 
separately via the three aqueous inlets, as shown in Figure 5.7a. Accordingly, online dilution 
can be performed by changing the relative flow rates of three aqueous streams (from 0.1 l 
min
-1
 to 1.1 l min-1), whilst maintaining the total aqueous flow rate constant to preserve the 
droplet size. To experimentally measure KD, a series of reactions are performed in which the 
concentration of anti-ANG Ab-AF488 was kept constant at 10 nM and the concentration of 
ANG-AF647 was varied. 
 
Upon binding between anti-ANG Ab-AF488 and ANG-AF647, the donor and acceptor 
fluorophores are brought into close enough proximity for FRET to occur (Figure 5.7b). The 
two-colour confocal fluorescence detection system was used to simultaneously record green 
and red fluorescence from the energy donor (AF488) and the energy acceptor (AF647) 
moieties. FRET was monitored at approximately 210 mm or 10 s after droplet formation to 
ensure complete mixing and to maximise energy transfer. Data were recorded using a 50 s 
temporal resolution over 60 s. 
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Figure 5.7 (a) Schematic of experimental setup for protein FRET analysis. The oil phase flow rate was 
maintained at 1.5 l min-1. The flow rate of anti-ANG Ab-AF488 was fixed at 0.3 l min-1, while 
PBS and ANG-AF647 flow rates were varied from 0.1 l min-1 to 1.1 l min-1 to perform online 
dilution. (b) Cartoon of FRET process upon binding between anti-ANG Ab-AF488 and ANG-
AF647. 
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5.4 RESULTS AND DISCUSSION 
 
5.4.1 FRET Binding Assays 
 
5.4.1.1 FRET Droplet Trajectories 
 
A typical fluorescence readout for the FRET experiments is shown in Figure 5.8. Green and 
Red fluorescence signals obtained from AF 488 and AF 647, respectively, are recorded 
simultaneously. Importantly, the green and red signals are coincident and the crosstalk 
(1.2%) of the FRET pair is negligible, indicating that the majority of the signal associated 
with the acceptor is due to FRET.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8 An example of a 500 ms trace of typical fluorescence data from a FRET experiment. Green 
fluorescence signals belong to the donor (AF 488) excited directly by a 488 laser. Due to energy 
transfer, red fluorescence signals from the acceptor (AF 647) were obtained simultaneously. 
Fluorescence bursts were recorded using 50 s resolution. Droplets are generated using a total 
flow rate of 3.0 l min-1 (20 mm s-1) and Wf = 0.5.  
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5.4.1.2 FRET Distributions 
 
Extracted burst heights and areas of both the green and red fluorescence signals from the 
FRET experiments were plotted as surface densities (Figure 5.9a-b) to allow inspection of 
data distributions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9 Graphical representation of FRET Distributions. Surface density plots of burst height and area for 
green (a) and red (b) channels. Experimental conditions are as shown in Figure 5.8. 
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As seen from Figure 5.9, both are well modelled by Gaussian distributions with well-defined 
FWHM. These distributions confirm high reproducibility and a small dispersion in burst 
heights and widths for both the green and red channels. Figure 5.10 contains a photon 
counting distribution (PCH) of burst widths from the FRET experiments. Droplet widths 
obtained from both the donor and acceptor detectors are in excellent agreement. The average 
droplet size was found to be 30 ms with a relative standard deviation of 10%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10 Burst width histograms obtained from green and red detectors. Droplet widths in both channels 
are in excellent agreement. Experimental conditions are as shown in Figure 5.8. 
 
 
5.4.1.3 FRET Binding Curves 
 
Binding curves illustrating the variation of concentration ratio as a function of fluorescence 
burst height from the acceptor detector are presented in Figure 5.11a. For each streptavidin 
concentration (14.7 and 22.0 nM), ‘red’ fluorescence bursts increase with the concentration 
ratio. This is a result of greater energy transfer with a higher number of acceptors linked to 
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result in higher fluorescence bursts. This is due to the limitation of biotin-binding sites on the 
streptavidin conjugated AF488. Comparison of data measured at different streptavidin 
concentrations demonstrates that the higher the streptavidin concentration, the higher the 
energy transfer (due to the increased number of donors to transfer energy). It was observed 
that all binding curves plateau at concentration ratios of 2.0, which corresponds to the 
binding ratio of this streptavidin and biotin system. This indicates that only 2 biotin binding 
sites on streptavidin were successfully filled. Since the binding between streptavidin and 
biotin is not one-to-one binding, the Hill-Waud model (Equation 5.5) was selected to fit the 
binding curves instead of the Michaelis-Menten model
26
. In this model, binding cooperativity 
is taken into account through the n parameter. The Hill-Waud model is given by
26
 
 
nn
H
n
xK
x
VF

 max                                               (5.5) 
 
where F is the fluorescence intensity, x is the binding ratio, Vmax is the maximum binding rate, 
KH is the half dissociation constant, and n is the Hill coefficient of cooperativity. As can be 
seen in Figure 5.11a, this analysis yields excellent fits for both curves. The Hill-Waud model 
fit parameters (Vmax, KH and n) were found to be 162.6, 0.96 and 1.98 for 14.7 nM streptavidin 
and 315.3, 0.89 and 1.71 for 22.0 nM streptavidin, respectively. The Hill coefficients (n) from 
both curves are greater than 1, confirming positive cooperativity of the streptavidin and biotin 
interaction.  
 
For fixed DNA concentrations, Figure 5.11b shows a plot of concentration ratio versus green 
fluorescence burst height at 13.3 and 16.7 nM DNA concentrations. As a result of energy 
transfer, fluorescence burst heights of the donor exponentially decay when concentration 
ratios are increased. In addition, the higher the DNA concentration, the higher the donor 
fluorescence intensity since the streptavidin concentration must be increased when increasing 
DNA concentration to maintain the concentration ratio. 
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Figure 5.11 Binding curves illustrating concentration ratio as a function of fluorescence burst height from the 
acceptor. (a) Plot of red fluorescence burst height from FRET measurements against binding ratio 
at fixed streptavidin concentrations of 14.7 and 22.0 nM. Data were fitted using the Hill-Waud 
model. (b) Green fluorescence decays of the donor as a result of energy transfer. 
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5.4.1.4 FRET Efficiency 
 
Although the crosstalk of this FRET pair was found to be negligible (only 1.2%), for precise 
determination of fluorescence intensities, photon counts from the acceptor detector were 
corrected using Equation 5.6. This eliminates positive errors from crosstalk and direct 
excitation of the acceptor. 
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C
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C
III AA                                 (5.6) 
 
Here IA and IA

 are photon counts from the acceptor (red) detector before and after correction, 
IDNA and ISt are photon counts from the acceptor detector when using only DNA and 
streptavidin (no FRET), respectively. C is the initial concentration and C is the concentration 
for each condition in the experiment. 
 
To physically quantify the degree of binding, the burst height intensities must be converted to 
FRET efficiencies. Theoretically, the FRET efficiency (EFRET) can be evaluated from 
Equation 5.3. Using R0 = 40.0 Å and RDA = 41.6 Å, the theoretical FRET efficiency was 
estimated to be 0.4 for a single fluorophore. However, the FRET efficiency can be also 
experimentally calculated using 
 
       
DA
A
exp
II
I
EFRET


                                                  (5.7) 
 
where ID is the fluorescence intensity of the donor, IA is the corrected fluorescence intensity 
of the acceptor from Equation 5.5. FRET efficiencies obtained from the current experiments 
are depicted in Figure 5.12. When the streptavidin concentration is fixed (Figure 5.12a), the 
FRET efficiencies directly depend on the concentration ratio. Using a higher streptavidin 
concentration, but the same concentration ratio, results in a shift towards higher FRET 
efficiencies due to the increased number of both donors and acceptors. The FRET efficiency 
of 0.7 was found to be relatively constant when the CR is higher than 2.0. However, the 
FRET efficiencies obtained are relatively high due to the fact that the number of donor 
fluorophores conjugated with streptavidin is approximate 5. FRET efficiency plots obtained at 
fixed DNA concentrations are shown in Figure 5.12b. The highest FRET efficiencies are 
obtained at high concentration ratios, which correspond to low streptavidin concentrations. 
The efficiency gradually increases with decreasing streptavidin concentration due to a 
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concomitant increase in the concentration ratio. The efficiency was found to be constant when 
the concentration ratio corresponds to 2.0 for fixed DNA concentrations at 13.3 and 23.3 
nM. This is a direct consequence of the limited number of acceptors (or DNA targets). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12 Variation of FRET efficiency as a function of concentration ratio for fixed streptavidin 
concentrations of 14.7 and 22.0 nM (a) and for fixed DNA concentrations of 13.3 and 16.7 nM 
(b).  
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When comparing fixed streptavidin and fixed DNA concentrations, it was found that when 
DNA concentration was fixed, fluorescence intensities from the acceptor were relatively low 
when compared with the donor fluorescence. Technically, fluorescence intensity can be 
enhanced by adjusting laser intensity (assuming negligible photodegradation). However, in 
this experiment, the laser intensity could not be increased significantly due to extremely high 
photon counts originating from the donor when using a high streptavidin concentration. In 
contrast, when the streptavidin concentration was fixed, the laser intensity could be adjusted 
to increase the fluorescence signal from the acceptor. Accordingly, fixing the donor 
concentration and varying the acceptor concentration is a suitable approach to study binding 
assays based on FRET. 
 
 
5.4.2 FRET Binding Kinetics 
 
5.4.2.1 Streptavidin-Biotin Binding Kinetic 
 
Burst height and burst area distributions of red fluorescence (FRET) signals for the first few 
detection points (0.41, 0.93 and 1.19 s after droplet formation) are presented in Figure 5.13a 
and Figure 5.13b. Both are well modelled by Gaussian distributions and clearly show an 
increase in average signal as the droplet moves further down the channel. This is due to the 
progressive binding between streptavidin and biotin, causing more linkages between the 
FRET donor and acceptor.  
 
To investigate the binding kinetics of this streptavidin-biotin system, the FRET efficiency was 
plotted as a function of time and is presented in Figure 5.14. As the detection point (set at a 
depth of 25 m in the channel) is moved downstream, the FRET efficiency increases rapidly 
for the first 5 s and plateaus after 10 s. Comparison of data measured at different 
concentration ratios demonstrates that using a higher concentration ratio results in a shift 
towards higher FRET efficiencies. This is due to an increased number of acceptors linked to 
donors. In addition, at low concentration ratios (0.91 to 1.52), an increase in the concentration 
ratio yields significant changes in the FRET efficiency. However, only slight increases in 
efficiency are observed at concentration ratios between 1.82 and 2.73, due to the limitation of 
biotin-binding sites on the streptavidin. The maximum FRET efficiency of 0.70 was 
obtained from a concentration ratio of 2.73. 
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Figure 5.13 Droplet burst height (a) and burst area (b) distributions of red fluorescence (FRET) signals from 
the first few observation points. To monitor kinetics, the detection probe volume was moved 
downstream to record fluorescence intensities at different time points. The 1st point was 
monitored at 0.41 s after droplet formation. The 2nd and 3rd points are at 0.93 and 1.19 s, 
respectively. These plots are obtained from modelling Gaussian fits to the raw data. 
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Figure 5.14 (a) Binding plots illustrating FRET efficiency as a function of time for a streptavidin 
concentration of 22.0 nM. The binding kinetics were investigated using concentration ratios 
ranging from 0.91 to 2.73. Data were fitted using a bi-exponential model, which will be 
explained in Equation 5.11. (b) Plots of FRET efficiency against the concentration ratio at 
different time points.  
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In addition, the binding kinetics were determined from a plot of FRET efficiency against the 
concentration ratio at different time points. This plot is shown in Figure 5.14b. As seen from 
the plots at a fixed concentration ratio, the FRET efficiency rises sharply for the first 5 s, 
indicating fast kinetics. Subsequently, the FRET efficiency increases slowly and plateaus. 
Comparable FRET efficiencies were obtained from each concentration when the reaction was 
monitored after 10 s. These data confirm fast binding kinetics between streptavidin and biotin 
and also imply that complete binding of analytes occurs in a 10 s time frame.  
 
5.4.2.2 Binding Rate Constant 
 
A simple interaction of two biomolecules can be described using the following model
31
; 
 
                                                   S + L       SL                                              (5.8) 
 
Here S and L symbolise two biomolecules. k1 and k-1 are the binding and dissociation rate 
constants, respectively. The binding rate can be determined from the formation of SL over 
time. Ideally, this binding interaction is described by a mono-exponential growth equation or 
a pseudo-first order integrated rate equation
31
, i.e. 
 
                                                               tkt eSLSL obsmax 1                                             (5.9) 
 
In this equation, SLt defines the amount of product at time t, SLmax is the maximum amount of 
product (the plateau value) and kobs is an observed rate constant for each condition. kobs is 
concentration dependent and is related to k1 by the following expression
31
; 
 
                                                             11obs ][  kLkk                                                     (5.10) 
 
To extract k1, the values of kobs are plotted against the concentration of L. According to 
Equation 5.10, this plot should yield a linear relationship, with a slope equal to k1 and a y-
intercept equal to k-1 (the dissociation rate constant).  
 
However, in many cases, binding cannot be described by a mono-exponential expression 
(Equation 5.9), but rather is more accurately described by a bi-exponential model
32,33
; 
 
                                         ]1[]1[
)(
2
)(
1t
obs21obs tktk eAeASL
                                      (5.11) 
 
k1 
k-1 
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Here, kobs1 and kobs2 are the observed binding rate constants of each process, with A1 and A2 
representing the component amplitudes. This model, expressing a biphasic interaction, 
indicates an unusual bimolecular interaction that involves two distinguishable processes. This 
biphasic dissociation or association can occur due to heterogeneity of analytes or multiple 
binding sites causing different affinities
34
.  
 
For the streptavidin and biotin interaction, the reaction was categorised as having biphasic 
association and dissociation kinetics due to multiple biotin-binding sites on the streptavidin 
molecule
27,35
. Hence, to extract the binding rate constant of our streptavidin and biotin system, 
all kinetic data in Figure 5.14a were analysed using nonlinear regression using Equation 
5.11, in which SL is the FRET efficiency in this case. As seen in Figure 5.14a, this model 
provides a good fit for all concentration ratios. Observed rate constants (kobs1 and kobs2) for 
each condition were extracted. To extract the binding rate constants (k1 and k2), the kobs1 and 
kobs2 values were separately plotted against the concentration of DNA using Equation 5.10. 
These plots are presented in Figure 5.15. Both graphs show linear trends with R
2
 values of 
0.9923 and 0.9731 for the kobs1 and kobs2 plots, respectively. The slopes obtained from these 
plots are equal to 4.5 × 10
7
 and 3.0 × 10
6
 M
-1
 s
-1
, which define k1 and k2, respectively. It can 
be seen that k2, representing the binding kinetics of the second process, was found to be lower 
than k1. This is likely to be due to steric hindrance from the first biotin binding since the 
biotin molecule is also attached to double stranded DNA. 
 
In previous work, Buranda et al. reported a binding rate constant of 107 M-1 s-1 for biotin 
binding to the first binding site of a streptavidin molecule
27
. They noticed that the binding rate 
for the second biotin molecule was decreased due to steric hindrance. In addition, an 
association rate constant of 7 × 10
7
 M
-1
 s
-1
 was reported for biotin and avidin, in which the 
binding is stronger than that of biotin and streptavidin
14
. Due to the relatively slow 
dissociation process; therefore, there have been some reports on the dissociation rate constant 
between streptavidin and biotin. A dissociation rate constant of 2.4 × 10
-6
 s
-1
 was reported for 
underivatised streptavidin, which was 30-fold higher than that observed for avidin (7.5 × 10
-8
 
s
-1
)
13
. From previous results, the binding rate constants are slightly different, depending on 
streptavidin and biotin systems and conditions applied to the binding process. Therefore, it is 
possible that the rate constant for streptavidin and biotin binding could vary by an order of 
magnitude
14
. Hence, the binding rate constants of 3.0 × 10
6
 and 4.5 × 10
7
 M
-1
 s
-1
 obtained 
from this streptavidin and biotin system are in agreement with previous studies. 
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Figure 5.15 Plots of observed rate constants (kobs) against DNA concentration. The kobs values were obtained 
from a nonlinear least-square fit. 
 
 
5.4.3 FRET Protein-Protein Interactions 
 
Typical FRET fluorescence burst scans over a time interval of 1 second are presented in 
Figure 5.16. Significantly, green and red signals, corresponding to AF488 and AF647 
emission respectively, are coincident due to FRET. Inspection of Figure 5.16 demonstrates 
that the red signal increases as a function of ANG-AF647 concentration, indicating that more 
ANG molecules are binding to the anti-ANG Ab. Conversely, the green droplet signature 
essentially decreases because of energy transfer.  
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Figure 5.16 Examples of 1 s time traces of fluorescence burst scans from the protein FRET experiments at 
different ANG-AF647 concentrations. The anti-ANG Ab-AF488 concentration was fixed at 10 
nM, while the ANG-AF647 concentration was varied from (a) 0.6 nM to (b) 3.0 nM and (c) 6.6 
nM. The green and red signals represent anti-ANG Ab-AF488 and ANG-AF647 fluorescence, 
respectively.  
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It must also be realised that the red fluorescence signal is a convolution of fluorescence from 
FRET and a background contribution due to direct excitation of the acceptor fluorophore by 
the excitation source and crosstalk. It has previously established that crosstalk for this FRET 
pair is only 1.2% and is thus negligible. In addition, it was also found from the previous 
FRET experiments that the leakage of the donor emission into the acceptor detector is also 
insignificant. However, for precise determination of fluorescence intensities, photon counts 
from the acceptor detector were corrected using the following relationship; 
 
                                                        







 

Ag
Ag
AgAA
C
C
III                                                (5.12) 
 
where IA and IA are photon counts from the acceptor (red) detector before and after 
correction. IAg represents the photon counts measured by the acceptor (red) detector when 
analysing only ANG-AF647 at a concentration of CAg. CAg defines the concentration of 
ANG-AF647 in each experiment. To quantify the binding, FRET efficiency, (EFRET)exp, was 
calculated from the fluorescence intensities using Equation 5.7. A binding curve (Figure 
5.17) was constructed by plotting the FRET efficiency as a function of ANG-AF647 
concentration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17 A plot of FRET efficiency as a function of ANG-AF647, illustrating the binding of ANG with 
anti-ANG Ab. The anti-ANG Ab-AF488 concentration was fixed at 10 nM. The data were fitted 
using a non-tight binding model (red line) and a tight binding model (open circles).  
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To determine KD, the binding data in Figure 5.17 was fitted using GraphPad Prism 
(GraphPad Software Inc., CA, USA) with a saturation bimolecular binding model (non-tight 
binding)
31
; 
 
                                               
 
 AK
A
EE


D
maxFRETexpFRET
)(                                       (5.13) 
 
Here, [A] is the concentration of the ANG-AF647 that remains unbound. If the concentration 
of the anti-ANG AF488 is low relative to [A], then the total concentration of ANG-AF647 can 
be taken to be the same as [A]. A nonlinear least squares fit of the data using Equation 5.13 
yields KD of 16.6  2.4 nM and a (EFRET)max of 1.20  0.07.  
 
Generally, when designing an experiment to determine KD, the concentration of the substrate 
is held constant and is well below KD (where KD is roughly estimated before the experiment) 
and the concentration of ligand is varied
31
. If the concentration of the substrate is close to or 
significantly higher than KD, almost all of ligands are bound to the substrates when they are 
added into solutions. Therefore, the unbound ligand concentration cannot be assumed to be 
equal to the total concentration of ligand. This renders the bimolecular binding curve (plotted 
using the total concentration of ligand) non-hyperbolic at the beginning, rather the curve 
varies in a linear manner instead
31
. This results in an anomalous KD and the binding curve 
cannot be fitted using the normal bimolecular binding model (Equation 5.13). 
 
In this protein-protein interaction experiment, the initial concentration of anti-ANG-AF488 
was fixed at 10 nM, which is close to the obtained KD value. When the initial concentration of 
the substrate (anti-ANG Ab-AF488 in this experiment) is not significant below KD, high 
affinity interactions often display the complication of tight binding kinetics
31
. Thereby, it is 
necessary to take into account the concentration of anti-ANG-AF488, [Ab], using the tight 
binding equation, i.e. 
 
            
            
  






 

Ab
AAbKAAbKAAb
EEFRET
2
4
2
DD
maxFRETexp
       (5.14) 
 
Fitting the data in Figure 5.17 to this equation using GraGit (Erithacus Softward Ltd., UK), 
for [Ab] equals 10 nM, yields KD and (EFRET)max of 6.4  1.6 nM and 1.04  0.05, respectively. 
As can be seen, under the conditions used, the data in Figure 5.17 are well modelled by 
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Equation 5.14. Moreover, this model also gives an (EFRET)max value that is close to the 
expected maximum of 1.0. 
 
To confirm the results obtained from the droplet approach, bulk fluorescence polarisation 
(FP) measurements were performed with a Beacon 2000 (Panvera, USA) using fluorescein-
labelled ANG and were carried out by Dong-Ku Kang at Chungbuk National University. The 
KD value of 9.0  1.5 nM was extracted from the FP experiments. Significantly, it can be seen 
that the KD values extracted from the droplet-based binding experiments are comparable with 
the data generated from the bulk FP measurements, thus confirming that droplet-based 
measurements reach equilibrium prior to acquisition of fluorescence data. 
 
 
5.5 SUMMARY 
 
Droplet-based microfluidics combined with confocal fluorescence detection was successfully 
used for the first time to perform high-throughput binding assays and kinetic analysis. Using a 
streptavidin-biotin protocol, the binding between streptavidin and biotin was investigated via 
FRET and modelled using the Hill-Waud model. The binding ratio between streptavidin and 
biotin was evaluated and found to be 2.0. These results are in agreement with expected 
biotin binding sites on streptavidin. For this particular system, a FRET efficiency of 0.7 was 
obtained from this FRET pair. Using a bi-exponential model to extract binding kinetic 
information, the binding rate constant of the streptavidin and biotin system was found to be in 
a range of 3.0 ×10
6
 to 4.5 × 10
7 
M
-1
 s
-1
. Moreover, this binding process, which is regarded as a 
biphasic system, is complete within a 10 s time frame. Since the binding kinetics can be 
monitored in real time with millisecond timing resolution, this approach has much potential to 
facilitate kinetic studies of more complex systems, such as protein folding/unfolding. Given 
the ability to form reproducible small volume droplets in a rapid fashion, combined with the 
capability to generate individual droplets of varying reagent composition, studies of 
biological interactions within droplets at the single molecule level are an appealing 
possibility. 
 
Furthermore, FRET-based analysis of protein-protein interactions in thousands of picolitre-
sized droplets was successfully demonstrated. An extracted KD value of ANG and anti-ANG 
Ab from the droplet-based microfluidic experiments (KD = 6.4 ± 1.6 nM) is shown to agree 
closely with data obtained from bulk fluorescence polarization measurements (KD = 9.0 ± 1.5 
nM). Consequently, such a droplet platform will have significant applicability in high-
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throughput analysis of protein-protein interactions. Indeed, in vitro compartmentalisation 
within aqueous microdroplets combined with high-sensitivity fluorescence detection has the 
capacity to allow for rapid and facile probing of interactions between large chemical/peptide 
libraries and potential targets under a variety of experimental conditions. 
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FLIM OF DROPLET MIXING 
DYNAMICS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-A picture is worth a thousand words- 
 Napoleon Bonaparte 
“A novel form of fluorescence lifetime imaging is exploited to reconstruct mixing 
patterns within a droplet with a time resolution of 5 s. A maximum likelihood 
estimator approach, adapted from single molecule fluorescence lifetime studies, 
is used to determine spatially localised fluorescence lifetimes and build up a two 
dimensional map of chaotic mixing within droplets.” 
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6.1 INTRODUCTION 
 
As previously described in Chapter 1, the confined environment of a droplet prevents sample 
dispersion and allows mixing by diffusion of fluid components. Further, by incorporating a 
winding section into the microfluidic channel, mixing of droplet components can be 
significantly enhanced
1
. This is due to the fact that twisting channel geometries generate 
chaotic mixing within droplets by folding, stretching and reorienting fluid elements
2
. 
Complete mixing caused by chaotic advection can be achieved in as fast as few milliseconds
3
, 
which is particularly important for kinetics studies
1,3,4
. There have been a few scientific 
papers reporting the characteristics of chaotic mixing using the Baker’s transformation as a 
model
1,2
 or computational simulation
5,6
.  
 
Since fluorescence lifetime imaging (FLIM) is widely used to create fluorescence lifetime 
images of cells or tissues in biological sciences
7
, FLIM, herein, is employed as a novel tool to 
map mixing within individual droplets. Using FLIM, images of mixing patterns within 
droplets can be reconstructed. In addition, FLIM can be used to reduce temporal resolution in 
such experiments to approximately 5 microseconds. A maximum likelihood estimator 
approach, adapted from single molecule fluorescence lifetime studies, allows for 
determination of the fluorescence lifetime and creation of a two dimensional map of droplet 
mixing. Using the difference in fluorescence lifetimes of two fluorescence dyes, mixing 
within individual droplets can be probed. Using a custom built confocal scanning 
fluorescence spectroscopic system, an entire droplet can be sequentially scanned to measure 
the component lifetimes and create an image of the entire droplet. 
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6.2 BASIC PRINCIPLES 
 
6.2.1 Time-Resolved Fluorescence Spectroscopy 
 
Time-resolved fluorescence spectroscopy requires the use of pulsed light sources. In simple 
terms, a short pulse of light is used to excite a fluorophore with emission of photons being 
monitored as a function of time
7
. More information about the emitting system can be obtained 
from a time-resolved measurement when compared to a steady-state or time-integrated 
fluorescence measurement
7
. For example, if two fluorophores have similar absorption and 
emission spectra, it is usually not possible to differentiate between the two based on the time-
integrated emission. However, the fluorescence lifetime provides an additional level of 
contrast in the measurement processes. In addition, with the use of pulsed lasers, time-
resolved measurements can be applied to the study of molecular events, such as FRET and 
dynamic quenching. For FRET, time-resolved experiments can differentiate between 50% 
quenching of all donors and 100% quenching for half of the donors
7
. The former will exhibit 
a shorter fluorescence lifetime of the donor, whilst the latter, containing completely quenched 
and unquenched donors, results in an unquenched fluorescence decay. In contrast, data from 
time-integrated measurements will only show that the fluorescence intensity has been reduced 
by 50%. Furthermore, time-resolved fluorescence measurements provide significant amounts 
of information relating to the surrounding environment of a fluorophore. This feature will be 
utilised in the current studies. 
 
6.2.1.1 Fluorescence Lifetime 
 
The fluorescence lifetime () defines an average time period that an excited molecule remains 
in an ‘excited’ state before emitting a photon7. The fluorescence lifetime is inversely 
proportional to the total decay rate, and is given by
8
; 
 
                                                                    
nrr
1
kk 
                                                      (6.1) 
 
Here, kr and knr are the radiative and non-radiative rate constants, respectively. After 
excitation by an infinitely short pulse of radiation (-function), the number of molecules n(t) 
in an excited state at time t can be described according to
7
; 
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nrr tnkk
dt
tdn
                                             (6.2) 
 
Integration of Equation 6.2 yields
7
; 
 
                                                                   n(t) = n0 e
-t/
                                                        (6.3) 
 
Here, n0 defines the initial number of molecules in the excited state. This expression 
represents an exponential decay of the number of the excited state molecules as a function of 
time. However, in reality, the fluorescence intensity I(t) is monitored rather than the number 
of excited state molecules. Therefore, Equation 6.3 can be re-defined as
7
; 
 
                                                                 I(t) = I0e
-t/
                                                         (6.4) 
 
Here, I0 is fluorescence intensity at t = 0 and I(t) is fluorescence intensity at a time t after 
excitation.  
 
In practical terms, fluorescence lifetime measurements can be categorised as time domain and 
frequency domain modes
7
. Only the time domain mode will be implemented and discussed in 
this thesis. In case of the time domain mode, the fluorescence lifetime is determined by 
exciting a fluorophore with a short pulse of light, where the pulse width is normally much 
shorter than the lifetime of a fluorophore
7
. After excitation, the variation in fluorescence 
intensity is monitored or reconstructed. This can be achieved by employing the technique of 
Time-Correlated Single Photon Counting (TCSPC) to histogram the arrival times of 
individual fluorescence photons after multiple excitation pulses.  
 
6.2.1.2 Time-Correlated Single Photon Counting  
 
Time domain fluorescence lifetime measurements are normally performed using TCSPC. This 
technique designates the arrival time of an individual photon relative to an excitation pulse
9
. 
As such excitation pulses can be repeated multiple times, the arrival times of photons are 
collected over many cycles. The collected data from single photon events are accumulated 
and then histogrammed to construct a representation of a fluorescence decay. Classical 
TCSPC is widely known as a ‘forward start-stop’ TCSPC9. In this process, an excitation pulse 
starts the timing and the arrival of a photon stops the timing. Each excitation pulse initiates a 
new time measurement. Repetition of this process over many cycles generates a histogram of 
the arrival times of photons. It should be noted that not every excitation pulse can result in a 
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photon. This is due to the requirement of no more than one photon per pulse for precise and 
efficient measurements
7
. Consequently, the timing process that is started by an excitation 
pulse will not be stopped if a photon is not registered. As a result, the electronics will run 
continuously until they are reset for a new excitation pulse. In addition, when using high 
repetition rate excitation sources, electronics often cannot complete a measurement cycle 
before the next excitation pulse. For these reasons, the ‘forward start-stop’ mode is normally 
not appropriate. Therefore, ‘reverse start-stop’ TCSPC provides a more practical alternative. 
Figure 6.1 illustrates how a histogram representing the fluorescence decay is obtained using 
the ‘reverse start-stop’ TCSPC process. The measurement process is similar to that of the 
forward mode except that an arrival photon starts the timing and the next excitation pulse 
stops it (Figure 6.1a). At present, almost all TCSPC measurements are operated using the 
reverse mode
7
. 
 
A histogram of the arrival times of photons is constructed by repetition of the basic process 
shown in Figure 6.1b and Figure 6.1c. A typical time dependent decay of fluorescence 
intensity, obtained from such measurements, is shown in Figure 6.1c. Here  is the time at 
which the fluorescence intensity has decreased to 1/e of the initial intensity
7
. In addition,  
can also be calculated directly from a plot of ln I(t) versus t, in which the slope equals -1/. 
However, the decay is normally fitted to a (physically relevant) model to extract the 
fluorescence lifetime. This process will be discussed in Section 6.3.3. Typically, emission of 
a photon is a random process; therefore, the fluorescence lifetime describes an average time 
of emission of photons after excitation. Some excited molecules will emit photons almost 
immediately after excitation, while some ‘remain’ in the excited state and emit photons at 
much longer times. Accordingly, the intensity decay shown in Figure 6.1c is also known as a 
photon emission distribution. Typically, the fluorescence lifetimes of fluorophores are of the 
order of a few nanoseconds
10
. 
 
In general, a measured fluorescence lifetime is a convolution of both the instrument response 
function (IRF) and the molecular decay (Figure 6.1c). The IRF originates due to the non-
perfect temporal response of the detector and electronics and defines the shortest time that can 
be measured by the instrument. The molecular decay (C(t)) can be deconvoluted from the 
measured fluorescence decay (D(t)), through use of the IRF (I(t)) since I(t)  C(t) = D(t). The 
IRF is normally determined using a dilute scattering solution, such as colloidal silica 
(Ludox)
7
. Additionally, a fluorescent dye possessing a fluorescence lifetime of a few 
picoseconds, such as Auramine O, can be used to determine the IRF
11
. 
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Figure 6.1 Fluorescence lifetime measurement using TCSPC. (a) A ‘reverse start-stop’ TCSPC mode. The 
arrival time of an individual photon is recorded relative to an excitation pulse. (b) After several 
excitation cycles, the arrival times of photons are incremented and histogrammed to build a 
fluorescence decay. (c) A typical photon distribution, which exhibits a mono-exponential decay 
convoluted with the instrument response function (IRF). Fluorescence lifetime is then extracted 
from the decay. Adapted from Reference 9. 
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Compared to time-integrated fluorescence measurements, time-resolved measurements 
possess some unique features. For example, the fluorescence lifetime is an intrinsic property 
of a given fluorophore and is independent of fluorophore concentration
10
. In addition, the 
measured fluorescence lifetime can be affected by local parameters, such as pH, solvent, ionic 
strength and molecular concentration of secondary species (quenchers)
7
. Therefore, 
measurement of  can be a powerful tool for monitoring the local environment in chemical 
and biological systems
7,10
.  
 
6.2.2 Fluorescence Lifetime Imaging  
 
FLIM is a powerful technique for creating a lifetime image map of a given area. TCSPC can 
be combined with confocal scanning microscopy to perform FLIM. Since the fluorescence 
lifetime of a fluorophore depends on the local environment, lifetime variations can be used to 
generate contrast in a given region. The basic concept of FLIM is to perform TCSPC 
measurements by sequentially scanning the entire area of interest to record fluorescence 
lifetime data. A two or three dimensional image is then produced by combining all 
fluorescence lifetime data from discrete locations. An example of a fluorescence lifetime 
image obtained using FLIM is shown in Figure 6.2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2 Comparison of fluorescence intensity-based (left) and lifetime (right) images of cells stained with 
three fluorophores possessing different fluorescence lifetimes. The lifetime image clearly 
presents the locations of three fluorophores within cells, whilst the intensity image only shows 
the variation in brightness. Reproduced from reference 7. 
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Here, biomolecules in cells were stained with three fluorophores. Compared with the intensity 
image, the lifetime image shows significantly better contrast and can distinguish between the 
three fluorophores and their locations. Additionally, the image obtained from FLIM clearly 
shows the locations of biomolecules within cells, whilst the intensity image only provides the 
variation in brightness of the fluorophores, but cannot precisely indicate their locations. 
Accordingly, FLIM is widely used in biological sciences for producing fluorescence lifetime 
images to probe and monitor cells or tissues
7
. 
 
 
6.3 EXPERIMENTAL  
 
6.3.1 Droplet Formation 
 
Droplets were generated using a microfluidic device containing two aqueous inlets, one oil 
inlet and an outlet. Channels were 50 m deep, 50 m wide and 4.0 cm long. The device was 
fabricated using the procedure described in Section 2.4. A winding part of the primary 
microchannel was used to induce rapid mixing by chaotic advection. A schematic of the 
microfluidic device setup is illustrated in Figure 6.3a. 
 
A 10:1 (v/v) mixture of perfluorodecalin and 1H,1H,2H,2H-perfluorooctanol and aqueous 
solutions were continuously pumped through the T-junction microfluidic device at a constant 
volumetric flow rate of 1.5 µl min
-1
 for each phase, resulting in a total volumetric flow rate of 
3.0 µl min
-1
 (and linear fluid velocity of 20.0 mm s
-1
). The first aqueous inlet consisted of a 20 
µM FITC solution (in pH 9.0 buffer) delivered at a flow rate of 0.75 µl
 
min
-1
. A 10 µM 
rhodamine 110 chloride (Rh110) solution (in pH 9.0 buffer) was pumped into the second 
aqueous inlet at a flow rate of 0.75 µl min
-1
.  
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Figure 6.3 (a) Schematic of the microfluidic device used for lifetime measurements. The 50 m square 
cross-section microchannel network consists of three inlets and one outlet. The flow rate of the 
oil is 1.5 l min-1 and the total flow rate of the aqueous phase is 1.5 l min-1, resulting in a Wf of 
0.5. (b) An example image of droplets generated using the microfluidic system. The arrow shows 
the scanning direction of the detection probe set at a channel depth of 25 m. FLIM data were 
recorded by scanning the detection probe volume every 1 m across the 50 m wide channel in 
order to reconstruct the mixing pattern for the entire droplet. 
 
 
6.3.2 Fluorescence Lifetime Measurements 
 
For lifetime measurements, fluorescence was recorded using the custom built confocal 
spectrometer shown in Figure 2.4. This setup also has the capability to perform time-resolved 
scanning confocal fluorescence measurements. A 438 nm picosecond pulsed diode laser 
operating at a repetition rate of 10 MHz (100 ns pulse separation) was used as an excitation 
source for all measurements. Fluorescence was monitored using the technique of TCSPC 
(TimeHarp 100, PicoQuant GmbH, Germany), which has a time resolution of 28 ps and a 
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dead time of 100 ns. An example of a screenshot of the TimeHarp 100 programme is shown 
in Figure 6.4. TCSPC was operated in a time-tagged time-resolved (TTTR) mode. TTTR 
operation allows for recording of both the arrival time of emitted photons with respect to the 
excitation pulses and the tagged time of photons relative to the start of the experiment
12
. 
Therefore, using a TTTR mode, both fluorescence lifetime and intensity information can be 
obtained and the relation between lifetime and intensity trajectories investigated. When a 
photon is registered, TCSPC electronics designate its arrival time relative to the first 
excitation pulse. Therefore, each photon is assigned its arrival time, t1, t2,….., tn. The photons 
themselves are recorded with 28 ps resolution with respect to the laser pulse and are recorded 
for 10 s. These arrival times are then rebinned into desired intervals to extract fluorescence 
lifetime and intensity information
13
. To determine the IRF, a solution of Auramine O was 
excited at 437 nm. This is presented in Figure 6.4. It was found that the IRF width at half 
maximum was approximately 850 ps. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4 A screen shot of the TimeHarp 100 programme for fluorescence lifetime measurements. The 
decays presented in the figure are bulk lifetime measurements performed on a cover slip: IRF 
(dark blue), FITC (red) and Rh110 (green & light blue). The TTTR mode was used to record 
fluorescence lifetime data when performing experiments within droplets. 
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Fluorescence lifetime measurements were initially recorded at the first loop of the winding 
channel, which is 259.7 µm (or 13 ms) downstream from the droplet forming region, and 
then moved along the winding part. The detection probe volume was positioned at half the 
depth of the main channel (25 µm) in the vertical dimension. To allow reconstruction of 
mixing pattern for a single droplet, fluorescence lifetime data from the entire droplet were 
recorded. As droplets moved through the detection probe volume, lifetime data throughout the 
droplet length were obtained consecutively. To cover the entire droplet, lifetime data across 
the droplet width were collected by sequentially scanning the detection probe volume across 
the channel. The scanning direction is shown by the dotted arrow in Figure 6.3b. The 
detection probe was moved (in one dimension) at 1 µm intervals across the 50 µm wide 
channel. The scanning process was performed by moving the microscope stage, which can be 
precisely controlled via a computer. It should be noted that when performing FLIM within 
microfluidic systems, only one dimension across the channel width is scanned to acquire 
fluorescence lifetime data and construct a two-dimensional image. The other dimension along 
the microfluidic channel is not scanned because the fluorescence lifetime data from this 
dimension is obtained automatically due to flowing systems. This is an advantage of using 
microfluidic formats over static measurements for FLIM studies.  
 
FITC and Rh110 were used as fluorophores for the current measurements because they 
possess significantly different fluorescence lifetimes. FITC has a fluorescence lifetime of 
4.1 ns at pH 9 while Rh110 has a fluorescence lifetime of 2.9 ns at the same pH. In addition, 
both dyes exhibit mono-exponential fluorescence decays under the experimental conditions 
used and thus a direct linear correlation between the lifetime and the degree of mixing is 
observed.  
 
6.3.3 Data Analysis 
 
All data were analysed using MatLab algorithms (written by Dr Joshua Edel) to determine 
fluorescence intensities and lifetimes for individual droplets. Figure 6.5 summarises the data 
analysis process used to extract fluorescence intensity and lifetime information from the time 
tagged data. This analysis approach was adapted from interphoton burst recurrence time 
analysis reported previously
13
. In this approach, time tagged photons are re-binned to 
construct a fluorescence burst scan for droplet localisation. Only photon events within 
droplets are further analysed to extract their fluorescence lifetimes. 
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Figure 6.5 Schematic process of time-tagging photons. (a) Laser pulses which have a pulse spacing of 100 
ns. (b) Comparison between TCSPC and TTTR. In TTTR, individual photon arrival times are 
measured relative to the first excitation pulse. (c) Conversion of the time-tagged information into 
a fluorescence burst scan. (d) Conversion of the time-tagged information into a fluorescence 
lifetime scan. 
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6.3.3.1 Fluorescence Bursts 
 
Using the TTTR mode, photons are time tagged with respect to the first excitation pulse 
(Figure 6.5b). To extract fluorescence intensity information, the time tagged photons are re-
binned to construct a fluorescence intensity burst scan (Figure 6.5c). The re-binning time is 
normally set to an interval of 10 s to provide a compromise between sufficient data points 
for fluorescence lifetime analysis and a smooth fluorescence burst scan. In this process, 
droplet peaks were localised by comparison of fluorescence intensities with the background 
threshold calculated using the method previously described in Chapter 2. 
 
6.3.3.2 Fluorescence Lifetimes 
 
Fluorescence decays obtained from TCSPC experiments are normally fitted to an appropriate 
mathematical model to extract component fluorescence lifetimes. If the experimentally 
measured decays contain in excess of 2000 photon counts, a least squares model can (and 
should) be used to fit the decays
14
. However, when extracting fluorescent lifetimes from 
decays containing between 10 and 2000 counts, alternative methods are needed. This is due to 
the fact that the least square approach collapses at low photon counts (<2000 counts)
15
. One 
of the most powerful approaches to solving this problem is the use of the maximum likelihood 
estimator (MLE) method
16
. The MLE (


i
) is defined as; 
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Here, ni is the number of photon counts in channel i, k is the number of channels (or bins) for 
each fluorescence decay and 

p
i
( j)  is the probability that a group of photons will fall in 
channel i if the particles have a lifetime j. 


k
i
inN
1
 is the total number of counts for a given 
decay. Essentially, the MLE approach determines the occurrence probability of a specific 
lifetime. 
 
Equation 6.5 can be expressed in the following way; 
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Here,  is the bin resolution. Although the MLE is known as a common way of extracting 
fluorescence lifetimes from systems with few photons, the IRF is not usually taken into 
account. Edel et al.
15
 have recently demonstrated that for a mono-exponential decay the MLE 
convolved with an IRF can be described by Equation 6.7. This customised MLE approach 
relies on minimising a function that contains both the fluorescence decay as well as an IRF 
contribution. Using this algorithm as few as 10 photons can be used to accurately determine a 
fluorescence lifetime
15
. 
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Here, rj is the IRF contribution to the decay in each bin j recorded with a time resolution of . 
From Equation 6.7, the term in brackets represents the IRF contribution. The fluorescence 
lifetime

  can then be determined by solving for the local minimum. The errors associated 
with this method can be simply determined by counting statistics. For example, fluorescence 
lifetime values for a measurement using this procedure have errors of 9% and 44% for N = 
500 and 20 photons respectively, calculated at a 95% confidence level
15
. Clearly, there is a 
compromise between time resolution and error. Indeed, more directly recorded photons lead 
to a lower temporal resolution (e.g. N = 20 correlates to a time resolution of 5 µs, while N = 
500 corresponds to a time resolution of 150 µs). From the fluorescence intensity trajectory of 
droplets in Figure 6.5c, only time tagged photons within droplets were analysed to extract 
fluorescence lifetimes using Equation 6.7, with the lifetime information then being plotted as 
a droplet trajectory. An example of the droplet lifetime trajectory is presented in Figure 6.5d. 
 
6.3.3.3 Fluorescence Droplet Images 
 
To build a two-dimensional image of a droplet, the fluorescence lifetime data obtained from 
every 1 m interval scanning across the channel width were stacked to build a complete 
droplet image. A false colour map is then used to display the variation in fluorescence 
lifetime. 
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6.4 RESULTS AND DISCUSSION 
 
6.4.1 Droplet Trajectories 
 
An example of a time-integrated photon scan is shown in Figure 6.6a. Each broad peak 
represents an aqueous droplet transiting the 400 nm wide diffraction limited detection probe 
volume. Figure 6.6b illustrates the corresponding fluorescence lifetime temporal variation 
determined using the customised MLE algorithm (Equation 6.7). Each point represents an 
extracted fluorescence lifetime measured with a maximum of 20 photons. Using our 
acquisition electronics, this corresponds to an acquisition time of 5 µs per point. In turn, this 
corresponds to approximately 600 points per droplet. Comparison of Figures 6.6a and 6.6b 
highlights a clear difference in the total number of data points recorded; with the lifetime data 
having a time resolution approximately 2 orders of magnitude higher than the intensity data. 
Despite this difference, a close correspondence between lifetime and intensity trajectories is 
observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6 (a) A droplet signal intensity trajectory and (b) A fluorescence lifetime trajectory determined 
using a customised maximum likelihood estimator algorithm. 
 
0
50
100
C
o
u
n
ts
0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.2 0.21
2
3
4
5
Time(s)
L
if
e
ti
m
e
 (
n
s
)
(a) 
(b) 
Time (s) 
FLIM of Droplet Mixing Dynamics                                                                            Chapter VI 
 177 
6.4.2 High Resolution Lifetime Trajectories 
 
It is important to note that the recorded fluorescence intensity is directly proportional to the 
level of binning. For example, a signal of 100 photons with a bin time of 1 ms will only have 
a signal of 10 photons at a bin time of 100 s. This effect not only modifies the signal-to-
noise ratio but also minimises the possibility of measuring sub-millisecond kinetics. A 
fluorescence lifetime measurement on the other hand is intensity independent, resulting in the 
possibility of measuring fluorescence lifetimes with as few as 10 photons. Clearly, the fewer 
the photons needed in a measurement, the greater the time resolution. Due to the 
reproducibility of fluidic mixing within a formed droplet, it is possible to maintain this high 
time resolution and generate improved signal-to-noise ratios by simply averaging lifetime 
data from multiple droplet lifetime trajectories. The lifetime trajectory of a single droplet can 
be defined by [t1,…,tp], and hence the averaged droplet trajectory can be defined by; 
 
                                                                 
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i
ii
p 1
1
                                                        (6.8) 
 
Any deviations in the mixing dynamics between individual droplets can in principle introduce 
error in the fluorescence lifetime obtained when using such an approach. The error in the 
fluorescent lifetime at a single point is simply determined by Poisson counting statistics. 
Hence, determination of a fluorescence lifetime using as few photons as possible will 
maximise the achievable time resolution. With the algorithms used in the current study, a 
lower limit of 20 photons is necessary for an acceptable fit
15
. Indeed, the error at a single 
point using 20 photons is 44% measured at a 95% confidence interval. Measuring at the same 
point within successive droplets brings this error down by the square of the number of 
droplets sampled. For example, measuring the lifetime over 100 droplets (approximately 1 s 
of acquisition time) brings the error down to 4.4% whilst maintaining the same high timing 
resolution. Similarly, measurement of the same lifetime over 10,000 droplets or 100 s reduces 
the error to 0.44%. This trend in the reduction of errors is clearly illustrated in Figure 6.7. 
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Figure 6.7 High resolution lifetime trajectories. The lifetime data were extracted using (a) 5, (b) 10, (c) 50, 
(d) 250 and (e) 600 droplets. These trajectories show the reproducible mixing pattern within the 
droplets and an increasing signal-to-noise ratio with droplet number. 
 
 
6.4.3 Intra-Droplet Trajectories 
 
Figure 6.8 shows an example of an intra-droplet trajectory taken by averaging 600 droplets. 
When comparing the lifetime trajectory (Figure 6.8a) with that of an intensity based 
trajectory binned at 10 µs intervals (Figure 6.8b) several interesting observations can be 
made. First, a peak in the fluorescence lifetime at approximately 4–5 ms correlates with the 
fluorescence lifetime of pure FITC. The decrease in the fluorescence signal is directly related 
to the formation of a multi-component mixture of both FITC and Rh110. Consequently, as the 
overall lifetime decreases a greater degree of Rh110 has been incorporated in the detection 
volume. In the intensity-based trajectory, a decrease in signal indicates a greater FITC 
concentration. As expected the measured intensity is dependent on the concentration, 
quantum yield, and absorption cross section of the component dyes. Second, at the droplet 
boundaries, the time-integrated signal tends towards zero counts. Conversely, in the time-
resolved data the fluorescence lifetime trajectory tends to 2.9 ns (the fluorescent lifetime of 
pure Rh110). This discrepancy highlights the fact that analysis of only the time-integrated 
intensity signal will result in an inaccurate representation of the analytical content within a 
(a) 5 droplets 
(b) 10 droplets 
(c) 50 droplets 
(d) 250 droplets 
(e) 600 droplets 
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droplet. Third, the noise (or spread) in the lifetime is significantly reduced when compared to 
the time-integrated intensity. As previously noted, this observation relates to the fact that the 
signal-to-noise ratio is the limiting factor, resulting in greater scatter when compared to a 
fluorescence lifetime-based measurement.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8 Intra-droplet trajectories reconstructed by averaging fluorescence data from 600 droplets; (a) 
lifetime trajectory and (b) intensity-based trajectory binned at 10 µs intervals. The dashed lines 
represent the fluorescence lifetime of the pure components (--- FITC and ---Rh110). 
 
 
6.4.4 Mixing Pattern within Droplets 
 
Two-dimensional representations of mixing within droplets were obtained from lifetime 
measurements recorded at different points along the winding microchannel. Photon arrival 
times were recorded for 10 s at each detection point along the scan direction. Therefore, at the 
flow conditions used, approximately 600 droplets were recorded over this time period. The 
data obtained from each scan were stacked to build an entire droplet image. 
 
Figure 6.9 presents two-dimensional images of a droplet passing through the 1
st
 (a & b), 3
rd
 (c 
& d), 5
th
 (e & f) and 7
th
 (g & h) loop of the winding microchannel. Droplet images were 
reconstructed either based on fluorescence lifetime (Figures 6.9a, c, e & g) or fluorescence 
intensity (Figures 6.9b, d, f & h). Due to the lifetime difference between FITC and Rh110, 
intra-droplet mixing patterns can be reconstructed from the FLIM data in a facile manner.  
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Figure 6.9 Two-dimensional fluorescence maps of droplets based on fluorescence lifetime (a, c, e & g) and 
fluorescence intensity (b, d, f & h) at the 1st (a & b), 3rd (c & d), 5th (e & f) and 7th (g & h) loops. 
Location of the loops is shown in Figure 6.3. 
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As can be seen in Figure 6.9a, the fluorescence lifetime map at the first loop (13 ms after 
droplet formation) indicates two emitting components within the droplet, which are 
incompletely mixed. The higher fluorescence lifetime of 4.1 ns towards the upper portion of 
the droplet represents FITC, whereas the lower lifetime of 2.9 ns (predominantly towards the 
lower portion of the droplet) belongs to Rh110. An intermediate average fluorescence lifetime 
is found around the middle of the droplet, expressing partial mixing of the two dyes. 
Interestingly, the mixing pattern obtained from the FLIM data shows recirculation of the fluid 
elements within the droplet. This phenomenon agrees well with established models of intra-
droplet mixing, in which two vortices are formed within a droplet and mixing is achieved by 
chaotic advection as the droplet travels along the microfluidic channel
2
. Similarly, the 
fluorescence intensity pattern inside a droplet (Figure 6.9b) also depicts incomplete mixing 
between FITC and Rh110. However, in this case, mapping is clearly affected by a reduced 
signal-to-noise ratio and intensity fluctuations not associated with the mixing dynamics. 
Improved mixing is observed in Figures 6.9c & d at the 3
rd
 loop. An average fluorescence 
lifetime (between that of pure FITC and Rh110) of 3.5 ns occurs in most areas of the droplet 
(Figure 6.9c). However, a lifetime of 4.0 ns belonging to FITC is found at the back of the 
droplet (on the left of the image) rather than towards the top. This confirms that mixing is 
primarily induced by recirculation of the fluid within the droplet. Almost complete mixing in 
this system was observed as droplets move past the 5
th
 loop (Figures 6.9e & f). It was found 
that uniform patterns of both fluorescence lifetime and intensity were observed at the 7
th
 loop, 
as shown in Figures 6.9g & h, which is 1.20 mm or 60 ms from the droplet forming region. 
This indicates complete mixing of FITC and Rh110.  
 
 
6.5 SUMMARY 
 
In conclusion, dynamic FLIM has been introduced successfully and used to reconstruct 
chaotic mixing patterns inside picolitre volume droplets travelling at high linear velocities. It 
was found that although mixing within droplets is normally enhanced by chaotic advection, 
the mixing patterns from droplet to droplet are identical and reproducible in form. Using 
FLIM, the reconstruction of mixing patterns within droplets was achieved with a temporal 
resolution of 5 s. The ability to monitor mixing dynamics with such high temporal and 
spatial resolution is valuable for enabling measurement of high-speed reaction dynamics and 
kinetics, such as protein-protein interactions or protein folding studies with sub-microsecond 
timing resolution.  
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SINGLE MOLECULE DETECTION 
WITHIN DROPLETS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-There is nothing, Sir, too little for so little a creature as man. It is by studying little things that  
we attain the great art of having as little misery and as much happiness as possible.- 
 Samuel Johnson 
“In this chapter, a droplet-based microfluidic system combined with optical 
detection is used to perform high-throughput confinement and detection of 
single DNA molecules.” 
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7.1 INTRODUCTION 
 
Aqueous microdroplets acting as isolated compartments have shown great promise as 
fundamental tools in high throughput single cell encapsulation
1-3
, as previously discussed in 
Chapter 4. The compartmentalisation characteristics of droplets are useful in isolating single 
cells for subsequent analysis. Accordingly, this concept can be extended to the encapsulation 
of other entities, such as nucleic acids or small molecules. 
 
Recently, there has been increased interest on studying chemical and biological events at the 
single molecule level to avoid the often misleading information obtained from averaging large 
populations and to allow analysis of small sample volume
4,5
. Performing single molecule 
detection (SMD) measurements is a challenging task involving the efficient reduction of 
background noise whilst maximising the (desired) fluorescence signal. Background noise 
typically originates from bulk solvents, impurities and scattered light and varies with the 
detection volume. Accordingly, minimising sample volume is a direct way of reducing high 
background signals
6
. Indeed, microdroplets generated using a piezoelectric pipette have been 
used to confine single molecules within a few picolitres for SMD experiments
7,8
. With such a 
minute volume, SMD using microdroplets has been successfully achieved with high signal-to-
noise ratios. Likewise, microdroplets generated using continuous flow microfluidic platforms 
also provide confined containers for trapping, detecting and isolating individual molecules. 
While offering restricted finite reaction compartments, droplet-based microfluidic systems 
also hold great promise for the analysis of single molecules in a high-throughput manner. 
Accordingly, such a droplet approach offers the possibility of an alternative approach to 
SMD. To date, high-throughput SMD using droplet-based microfluidic systems has not been 
explored. In the current work, droplet-based microfluidics combined with a sensitive optical 
detection system has been used to demonstrate single molecule analysis. The ability to detect 
and characterise individual molecules within a discrete droplet enables the isolation of 
molecular events. By means of droplet sorting
9,10
, an individual droplet containing a molecule 
of interest can be isolated for subsequent analysis at the single molecule level. 
 
Generally, SMD is performed using a detection probe volume of a few femtolitres (10
-15
 l)
11
 
to maximise sensitivity. By introducing a confocal detection system, any out-of-focus light is 
blocked by a confocal pinhole, thus reducing background signals. However, for the single 
molecule analysis presented herein, detection and isolation of individual molecules using 
droplets is an ultimate goal. According, the entire droplet must be monitored to ensure the 
detection of every individual molecule encapsulated within a discrete droplet. Therefore, to 
SMD within Droplets                                                                                    Chapter VII 
 185 
perform SMD experiments in such a format, uniform illumination of the entire cross-section 
of a microfluidic channel is required to allow monitoring of all possible molecular events. In 
the current experiments, the optical detection volume is expanded using a lens to allow 
probing of the entire microfluidic channel cross section. Additionally, the typical 50 m wide 
channel is restricted to 10 m at the detection area and the entire channel network width is 
reduced to 30 m to ensure uniform illumination by the laser beam. Initial SMD experiments 
involved double-stranded -DNA 48 kbp in length as the target sample. The uniform 
illumination of the entire microfluidic channel cross section ensures the detection of every 
encapsulated DNA molecule within an individual droplet. This is key in subsequent 
applications of this approach for DNA sizing and isolation. 
 
 
7.2 EXPERIMENTAL 
 
7.2.1 Sample Preparation 
 
Double-stranded -DNA (48 kbp, New England Biolabs, Ltd., UK) was labelled with 
YOYO-1 (Invitrogen, UK) at a ratio of five base pairs per one dye molecule
12
. To prepare a 
stock of YOYO-1-labelled -DNA solution, 0.49 l of the 1 mM YOYO-1 solution was first 
diluted in 46.35 l of 1 Tris-Acetate EDTA (TAE) buffer at pH 8.0 (containing 40 mM Tris-
Acetate and 1 mM EDTA) then 3.16 l -DNA was then pipetted into the diluted YOYO-1 
solution, yielding a final DNA concentration of 1 nM. The DNA was allowed to stain for one 
hour before use. DNA solutions between 10 fM to 10 pM were then prepared in TAE. Alexa 
Fluor 647 (AF647, Invitrogen, UK) at a concentration of 50 nM was added to the DNA 
solutions. This red dye was used as a droplet boundary marker when performing experiments 
at the single molecule level. 
 
7.2.2 Optical Detection System 
 
The detection system used for all single molecule experiments was a home-built fluorescence 
spectroscopic setup. This system was developed from a confocal detection setup by removing 
the confocal pinhole to allow for detection of fluorescence from a much larger probe volume. 
The system was mounted on an optical table (Newport, UK). Schematics and images of the 
setup are shown in both Figure 7.1 and Figure 7.. The optical components of the setup are 
detailed as follows. 
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Figure 7.1 Schematic (a) and a photograph (b) of a home-built optical detection system for single molecule 
analysis using droplet-based microfluidics. This setup consists of a 488 nm argon ion laser and a 
632.8 nm HeNe laser for two-colour excitation. Also: APD – avalanche photodiode detector, DC – 
dichroic mirror, EM – emission filter, F – neutral density filter, I – iris, L – lens, M – optical mirror, 
MM – movable mirror, Obj – objective lens and PD – photodiode detector. The pink rectangle 
defines an excitation area, which contains optic components: DC2, EM1, M6 & Obj. An image of 
this area will be shown in Figure 7.2. 
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7.2.2.1 Excitation Sources 
 
A CW air-cooled argon ion laser (Omnichrome; Melles Griot, Cambridge, UK) and a 632.8 
nm CW HeNe laser (0.57 mm beam diameter, 1.5 mW, Thorlabs, Ltd, UK) were incorporated 
for two-colour excitation measurements. The argon ion laser was tuneable with emission lines 
ranging from 457.9 nm to 514.5 nm. The 488 nm line (with a maximum power of 40 mW and 
a 1/e
2
 beam diameter of 2.5 mm) was used for the current studies. First, the argon ion laser 
was aligned with a microscope objective lens using beam steering optics. The HeNe laser was 
then aligned to coincide with the argon ion laser path. 
 
7.2.2.2 Beam Steering Optics 
 
Beam steering Optics are used to bring the laser beams into an objective lens. The 488 nm 
laser line passes through a 90% transmissive mirror (M) onto the first mirror (M1), while 10% 
is reflected and passes through a neutral density filter (F1: Newport Ltd, Newbury, UK) 
towards a photodiode detector (PD1: DET36A/M, Thorlabs, Ltd, UK) to monitor laser 
stability. The light reflected from M1 is attenuated by neutral density filers (F2, Thorlabs, 
Ltd, UK) held in a filter holder (FH2D, Thorlabs, Ltd, UK), such that they can be used as 
required. Subsequently, the laser beam is directed to a 488 nm dichroic mirror (DC1: z488rdc, 
Chroma Technology Corp., USA), which is installed to reflect the 488 nm laser beam and 
allow for incorporation of the 632.8 nm HeNe laser line.  
 
The 632.8 nm HeNe laser line is brought into the argon ion laser path using M2, M3 and M4. 
I1 is used for HeNe laser alignment. The intensity of the HeNe laser can be attenuated using 
neutral density filters (F2) held in a filter holder and positioned after M3. Then, the HeNe 
laser beam passes through DC1 to coincide with the argon ion laser. After DC1, the two laser 
beams are then directed to M5. Two irises (I2 and I3: ID20, Thorlabs, Ltd, UK) are placed 
between DC1 and M5 to align the laser beams. Subsequently, the light reflected from M5 is 
then directed to a plano-convex lens (L1: LC1484-A, 1 inch in diameter, f = 300 mm, 
Thorlabs, Ltd, UK). L1 is positioned at approximately 30 cm away from the objective lens 
and is used to focus the incident laser beam into a small spot at the back aperture of an 
objective lens. Here, L1 focuses the 2.5 mm diameter argon ion laser beam into a spot size of 
75 m in diameter at the focal point (calculated using Equation 2.2). According to 
Equation 2.2, the smaller the incident beam diameter, the bigger the focused laser spot. 
Therefore, the small incident laser beam provides a large detection probe volume after the 
objective lens. This is essential for SMD within droplets since a large and homogeneous 
illumination of the entire cross-section of a microfluidic channel is required to uniformly 
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monitor all possible molecular events. Subsequently, the laser beams pass through a polariser 
(Melles Griot GmbH, Germany), which is used to control the plane of polarisation and 
attenuate the laser intensity. The beams are then directed through to a beam splitting cube, at 
which 50% is reflected into a second photodiode detector (PD2: DET36A/M, Thorlabs, Ltd, 
UK) to monitor laser intensity and then pass through an iris (I4: ID20, Thorlabs, Ltd, UK) 
into an excitation area.  
 
7.2.2.3 Excitation Area 
 
Figure 7.2 shows optical components in the excitation area. The beams passing through I4 
are then reflected by a custom-made dual-band dichroic mirror (DC2: z488/633rdc, Chroma 
Technology Corporation, USA), which is installed to permit simultaneous two-colour 
excitation by the 488 nm and 632.8 nm lasers. DC2 is oriented at 45 to reflect the laser 
beams upwards into the back aperture of the 100 oil immersion objective lens (Obj: 1.3 NA, 
f = 1.6 mm, Carl Zeiss Ltd, UK), which focuses the laser light onto the microfluidic channels. 
Due to the small incident laser beams, as a result of L1, the focussed spot size of the argon ion 
laser after the objective is estimated to be 8.8 m in diameter, resulting in a probe volume of 
4.4 pl (calculated using Equations 2.2 and 2.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2 Optical components in the excitation area. These consist of a dichroic mirror (DC2), an objective 
lens (Obj), an emission filter (EM1) and a mirror (M6). 
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DC2 
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M6 
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CCD 
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As this setup is built without a commercial microscope body, DC2 and the objective lens are 
mounted using optical components, as seen in Figure 7.2. In addition, a home-built XYZ 
translation stage (Figure 7.3) was assembled to function as a microscope stage for holding a 
microfluidic device above the objective lens. Two micrometre adjusters at the base of the 
stage allow for adjusting XY directions. The height (Z direction) of the stage can be 
controlled by manually moving the stage up and down along the post and fine adjustment in 
the Z direction can be achieved via a micrometre adjuster next to the stage (shown in Figure 
7.4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3 An image showing a home-built XYZ translation stage which can function as a microscope stage. 
Two micrometre adjusters at the base are used to control movement in X and Y directions. The 
stage height can be adjusted manually and the final adjustment can be done using a micrometre 
adjuster attached next to the stage. 
 
 
For visualisation of droplet formation, a movable mirror (MM) can be slid into a position 
underneath the objective lens to reflect white light collected by the objective lens from the 
microchannels onto a CCD camera (as shown in Figure 7.4). This allows for visualisation of 
the microfluidic channels, channel alignment and monitoring of droplet formation and device 
failures, such as clogging and wetting problems. The mirror is removed from the light path 
when performing fluorescence measurements.  
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stage 
white light 
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Figure 7.4 Images showing the movable mirror, which is used to reflect white light collected by the 
objective lens into the CCD camera for visualisation. The mirror can be moved by turning the 
knob. 
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7.2.2.4 Detection Path 
 
Fluorescence emitted by the samples is collected by the same objective and transmitted 
through DC2. Any residual excitation light is removed using a custom-made dual-band 
emission filter (EM1: z488/635, Chroma Technology Corp, USA), positioned beneath DC2 
(Figure 7.2). After that, fluorescence is brought into the detection optics by reflection of a 
mirror (M6), which is installed at 45to the fluorescence emission (as shown in Figure 7.2). 
The fluorescence is then spectrally separated by another dichroic mirror (DC3: z630rdc, 
Chroma Technology Corp., USA). In the first channel (green detector), fluorescence reflected 
by DC3 is further filtered by an emission filter (EM2: hq540/40m, Chroma Technology 
Corp., USA) and focused by a plano-convex lens (L2: f = 25.4 mm, 25.4 mm i.d., Thorlabs, 
Ltd, UK) onto an avalanche photodiode (APD1: SPCM-AQR-141, EG&G Canada, 
Vaudreuil, Quebec, Canada). In the second channel (red detector), fluorescence passed 
through DC3 and is filtered by another emission filter (EM3: hq640lp, Chroma Technology 
Corp., USA) and focused by a plano-covex lens (L3: f = 25.4 mm, 25.4 mm i.d., Thorlabs, 
Ltd, UK) onto a second avalanche photodiode (APD2: SPCM-AQ-13, Perkin Elmer, Canada). 
The APD detectors operating in single-photon counting mode convert single photon events 
into TTL pulses (1 photon equals 300 ps 5 volt pulse). A digital counter (PCI 6601, National 
Instruments, UK) in combination with a programme written in LabView by Dr Joshua Edel is 
used to control and perform data acquisition.  
 
7.2.3 Droplet Formation 
 
Droplets were generated using a T-junction microfluidic device having one aqueous inlet and 
one oil inlet, as schematically shown in Figure 7.5. The device was fabricated using the 
procedures described in Chapter 2. For the purpose of SMD experiments, the 50 m channel 
width was restricted to 10 m at the detection window, which is 3.8 mm from the droplet 
forming region. The entire channel network was fabricated with a uniform depth of 30 m. 
Consequently, within the detection window, the whole channel volume is illuminated by the 
excitation light to ensure observation of all passage events. The experimental setup is 
presented in Figure 7.6.  
 
A microfluidic device was attached to the home-built XYZ translation stage. The mixture of 
YOYO-1-labelled DNA and AF647 and an oil solution, a 10:1 (v/v) mixture of 
perfluorodecalin and 1H,1H,2H,2H-perfluoro-octanol, were pumped into the device inlets. 
Flow rates of aqueous and oil phases were kept constant at 0.5 l min-1 for each phase, 
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resulting in a total flow rate of 1.0 l min-1. When droplets containing DNA molecule(s) and 
AF647 travel through the detection probe volume, they are excited by the 488 nm and 632.8 
nm lines. Two avalanche photodiode detectors are used to simultaneously detect green and 
red fluorescence signals from DNA and AF647, respectively. At the single molecule level, 
complete droplet boundaries cannot be observed from the green channel. Therefore, the red 
droplet signature from AF647 is used to indicate droplet localisation in the green channel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.5 Schematic of a microfluidic device for single molecule detection experiments. The main channel is 
50 m wide and restricted to 10 m at the detection window as shown in the inset. As droplets 
squeeze through the detection window, the contents are excited by the two lasers. All microfluidic 
channels are 30 m deep. The inset shows droplet formation and a droplet squeezing through the 
detection window. 
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Figure 7.6 (a) Experimental setup. A microfluidic device is taped to the stage. Solutions are pumped into the 
microfluidic device inlets using PHD 2000 syringe pumps (Harvard Apparatus, UK), via Teflon 
tubing and a fingertight-union connection. (b & c) Close-up images of the taped device from top 
and bottom views, respectively.  
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7.2.4 Data Analysis 
 
All data obtained from the optical detection system were analysed using programmes written 
by Dr Joshua Edel in MatLab (Mathworks, UK). At the single molecule level, droplet 
boundaries cannot be observed, and only spiked peaks representing DNA molecules are 
obtained in the green channel. Accordingly, the droplet signature in the red channel is used as 
a reference to visualise droplet localisation in the green channel. The data analysis process for  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.7 Data analysis of single molecule experiments using droplets. (a) Data recorded from the green 
channel; spiked peaks correspond to single DNA events, but droplet boundaries cannot be 
observed. (b) Data recorded from the red channel; droplet signature can be visualised due to 
presence of AF647. The black-dashed line represents droplet localisation determined by Matlab 
analysis. (c) Correlated fluorescence burst scans from the green and red channels. Droplet 
boundaries are symbolised as a red-rectangular sign. 
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Fluorescence burst scans in the green channel are analysed to define DNA molecular events. 
The background counts are modelled to a Poisson distribution and a background threshold is 
set (as described in Chapter 2). Therefore, every peak above this threshold is identified as a 
single DNA molecule event (Figure 7.7a). To correlate signals between the green and red 
channels, droplets in the red channel (measuring emission from AF647) are initially identified 
using the method previously described in Chapter 2. Droplet localisation is marked using a 
black-dashed line (Figure 7.7b). The droplet trajectory from the red channel is then correlated 
with the fluorescence burst scans in the green channel to signify droplet boundaries, shown as 
a red rectangular-shaped feature in Figure 7.7c. 
 
 
7.3 RESULTS AND DISCUSSION 
 
Typical examples of fluorescence burst scans from samples of different DNA concentration 
are shown in Figure 7.8. In the green channel, the droplet boundaries were characterised by 
rectangular-shaped sign directly correlated with the droplet signature in the red channel. 
Spiked peaks obtained in the green channel correspond to the passage of single DNA 
molecules. As seen in Figure 7.8, the number of DNA molecules per droplet increases with 
DNA concentration. At the lowest DNA concentration (10 fM) shown in Figure 7.8a, a single 
DNA molecule per droplet was achieved with most droplets being unoccupied. At high DNA 
concentrations (1 pM and above), droplet boundaries were also observed in the green channel 
due to multiple DNA peaks per droplet. 
 
Small circles in Figure 7.8 are created by MatLab analysis to indicate the localisation of 
single DNA molecule events. It can be noticed that, at high concentrations (500 fM and 
above), some molecular events are missing. This is because the MatLab code only ‘calls’ 
peaks having their baselines level with the background. Accordingly, the code does not 
process properly when multiple molecules are encapsulated within a given droplet. However, 
the highest burst event is always ‘called’ by the Matlab algorithm.  
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Figure 7.8 Typical examples of fluorescence burst scans from samples of different DNA concentration: (a) 10 
fM, (b) 100 fM, (c) 500 fM and  (d) 1 pM. Each spiked peak above threshold corresponds to a single 
DNA molecule. The rectangular-shaped signal, which directly correlates with the droplet signature 
from the red channel, is used to localise droplet boundaries. 
 
 
This Matlab analysis is schematically explained in Figure 7.9. All molecular events in Figure 
7.9a were ‘called’ by the Matlab algorithm because their baselines reach the background 
threshold. In comparison, only two events in Figure 7.9b were ‘called’ by the Matlab analysis 
because the baselines of the last peak are level with the background threshold and the other 
peak possesses the highest burst height. The first two peaks in Figure 7.9b were not ‘called’ 
by Matlab analysis because their peak baselines are above the background threshold. 
However, the focus of current experiments is to realise single DNA molecule occupancy, thus 
only observe one peak per droplet. Accordingly, these analysis issues were not addressed 
further. 
 
 
(a) 
(b) 
(c) 
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
0
250
500
Time (s)
In
te
n
s
it
y
0   0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
0
250
500
Time (s)
In
te
n
s
it
y
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
0
500
Time (s)
In
te
n
s
it
y
0 1 2 3 4 5 6 7 8 9 10
0
0.2
0.4
# of cells
P
ro
b
a
b
ili
ty
5 10 15 20 25 30 35
0
500
1000
Position from droplet onset
F
re
q
u
e
n
c
y
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
0
500
Time (s)
In
te
n
s
it
y
0 1 2 3 4 5 6 7 8 9 10
0
0.2
0.4
# of cells
P
ro
b
a
b
ili
ty
5 10 15 20 25 30 35
0
500
Position from droplet onset
F
re
q
u
e
n
c
y
(d) 1 pM 
(c) 500 fM 
(b) 100 fM 
(a) 10 fM 
SMD within Droplets                                                                                    Chapter VII 
 198 
 
 
 
 
 
 
 
 
Figure 7.9 Schematic explaining how the Matlab algorithm ‘calls’ DNA molecule peaks. (a) An example of 
a proper analysis by Matlab due to all peaks having their baselines level with the background 
threshold. (b) The Matlab analysis breakdowns because the baselines of two events do not reach 
the background threshold, resulting in two missing peaks. The red rectangular-shaped signal 
defines droplet boundaries. 
 
 
The distributions of the number of DNA molecules per droplet are presented in Figure 7.10. 
It was found that this distribution exhibits Poisson characteristics. Percentages of DNA 
molecule occupancy from each sample concentration presented in Figure 7.10 are 
summarised in Table 7.1. DNA molecule occupancy can be controlled by varying the 
concentration of DNA or changing the flow rate. For example, at 10 fM, the instantaneous 
occupation probabilities are 85.0% for an empty droplet, 14.5% for single occupancy and 
0.5% for double occupancy. The percentage of single occupancy increases to 45.0% with only 
14.0% empty droplet when increasing DNA concentration to 100 fM. However, multiple 
occupancy is also obtained when using high DNA concentrations (100 fM and above). For the 
current experiments, single occupancy is required, thus using sample concentrations below 
100 fM is preferable. In addition, optimising flow rates is an alternative to achieve 
predominant single occupancy and to avoid handling samples at extremely low 
concentrations. 
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Figure 7.10 DNA molecule probability distributions at DNA concentrations of (a) 10 fM, (b) 100 fM and (c) 
500 fM. The plots are real data obtained from the experiments. Data were obtained from 
approximately 2,500 droplets. 
 
 
 
Table 7.1  DNA occupancy of droplets at different sample concentrations. Empty and multiple occupancies 
define droplets being unoccupied or containing more than two DNA molecules. Data were 
collected from approximately 2,500 droplets. 
 
 
DNA 
concentration (fM) 
% Occupancy 
 empty  single  double  multiple 
10  85.0  14.5  0.5  0 
100  20.0  45.0  25.0  10.0 
500  0  15.0  40.0  45.0 
 
 
It was found that the fluorescence burst heights in Figure 7.8 were relatively low and 
variable, resulting in broad burst area and height histograms (Figure 7.11). This implies that 
illumination of the excitation light may not be uniform. Consistent burst heights and areas are 
crucial characterising mixtures of DNA fragments in future applications, such as DNA 
fragments sizing
13
. Here, longer DNA fragments possessing more dye molecules should 
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present higher fluorescence burst than shorter fragments. However, broad burst height and 
area distributions will result in overlapping burst height/width histograms and thus will 
compromise the separation of DNA fragments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.11 An example of fluorescence burst height (a) and area (b) histograms obtained from a DNA 
concentration of 100 fM. 
 
In addition, a high background signal can be observed in Figure 7.8 due to large illumination 
volume and no confocal pinhole. This results in problems resolving fluorescence bursts from 
the background, as seen in Figure 7.11. The height and area distributions could be improved 
by ensuring a perfectly homogeneous illumination volume when probing the entire channel 
width and depth. Fluorescence burst signals could also be enhanced by using lower flow rates 
to reduce the linear velocities of droplets. 
 
The SMD experiments were also performed on the confocal fluorescence detection setup 
presented in Chapter 2 to act as a comparison. The confocal setup includes a 75 m pinhole 
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providing a probe volume of 1.5 fl, which is approximately 3,000 times smaller than the non-
confocal probe volume .The same conditions were applied to allow comparison of results 
from both setups. Fluorescence burst scans obtained from the confocal setup at different DNA 
concentrations are presented in Figure 7.12. Data were analysed using the procedure 
described in Figure 7.7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.12 Examples of fluorescence burst scans from the confocal setup at different DNA concentrations: 
(a) 10 fM, (b) 100 fM, (c) 500 fM and  (d) 1 pM.  
 
 
As expected, the background signal from the confocal fluorescence system (Figure 7.12) is 
relatively low when compared to the non-confocal setup (Figure 7.8). In addition, although 
the number of DNA molecules per droplet increases with DNA concentrations, this number is 
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lower than the results obtained from the non-confocal setup (Figure 7.8). These differences 
are due to the presence of the 75 m pinhole, which restricts the size of the detection probe 
volume and rejects the out-of-focus light. The variation in detection efficiency can be seen at 
a DNA concentration of 500 fM. Results from the non-confocal setup show many more 
molecular events (Figure 7.8c) when compared with data obtained from the confocal setup 
(Figure 7.12c). In addition, droplet boundaries can be observed from the non-confocal results 
at this DNA concentration. Furthermore, at a DNA concentration of 1 pM, the droplet 
boundaries can clearly be observed from the non-confocal data (Figure 7.8d), but not from 
the confocal data (Figure 7.12d). These data show that by using the confocal detection 
system, some molecular events are missed. Therefore, the comparison confirms that by using 
the non-confocal detection system, the entire droplet can be probed to ensure the detection of 
every individual DNA molecule passing through the detection window. 
 
 
7.4 SUMMARY AND IMPROVEMENTS 
 
The preliminary results obtained from this work have raised the hope of exploiting droplet-
based microfluidics for the analysis of single DNA molecules in a high-throughput manner. 
Encapsulation and detection of single DNA molecules has been successfully achieved. 
However, to subsequently facilitate DNA fragment sizing and isolation in a high-throughput 
manner, some experimental aspects must be defined to achieve detection sensitivity. 
 
Firstly, to ensure uniform illumination of the entire cross-section of a microfluidic channel, a 
cylindrical lens arrangement could be implemented to replace the plano-convex lens. A 
cylindrical lens creates a uniform sheet-like observation probe volume to enable the detection 
of every molecular trajectory
14
, as presented in Figure 7.13. Such uniform illumination will 
improve the uniformity of height and area distributions of the fluorescence bursts of the DNA 
molecules, which is crucial for DNA fragment sizing. In addition, high background signals 
are a significant issue due to the absence of a pinhole to block out-of-focus light. With the 
implementation of a cylindrical lens, a confocal slit could be re-installed to reduce 
background noise and improve the sensitivity. This rectangular-shape slit is compatible with 
the sheet-like probe volume created by a cylindrical lens. The dimensions of the slit should be 
chosen as to minimise background signals while allowing for detection of the passage of 
single molecules.  
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Figure 7.13 Schematic showing a comparison between using (a) a plano-convex lens to obtain a large circular 
illumination to probe the entire microfluidic channel cross section and (b) a cylindrical lens to 
obtain a uniform sheet-like observation across a microfluidic channel. 
 
 
Furthermore, flow conditions also impact on the SMD detection sensitivity. Typically, when 
SMD measurements are conducted in flowing streams, low signals are a major concern 
because the residence time of molecules within the detection probe volume is much shorter 
than in a static environment with diffusing molecules
5
. Fewer photons are collected as 
molecules travel faster through the probe volume, resulting in lower fluorescence burst 
signals. However, very low flow rates do not provide for stable droplet generation. Therefore, 
to improve the detection sensitivity and obtain the best detection efficiency, flow rates must 
be optimised to achieve stable droplet generation and good photon harvesting. 
 
Moreover, alternative techniques to differentiate fluorescence bursts from background signals 
could enhance signal to noise ratios in SMD measurements. A time-gating method using 
time-correlated single photon counting has been reported for reducing background signals in 
SMD experiments
15,16
. Here, the scattering light registered immediately at a detector after 
excitation, whilst photons from fluorescent molecules are delayed depending on their 
fluorescence lifetimes. Accordingly, introducing a certain time delay in measuring the signal 
could reduce the background signal significantly. 
 
Using a submicron- or nanometre-sized channel appears to be an ideal solution to remedy all 
the discussed complexities. Nano-scale channel dimensions will allow the passage of only a 
single DNA molecule through the detection probe volume at a time
13
. This permits detection 
of individual DNA molecules. With this approach, a minute detection probe volume can be 
created using a confocal detector to reduce background noise and improve detection 
efficiency. However, droplet generation and manipulation within nanofluidic channels may be 
problematic. 
 
laser spot  
 
laser sheet 
(a) (b) 
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Considering these aspects, droplet-based microfluidic approaches could open new 
possibilities for SMD analysis. Although the work presented herein certainly is proof-of-
principle, it could define a significant step towards high-throughput applications of droplet-
based microfluidic technology at the single molecule level. 
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CONCLUSIONS AND OUTLOOK 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-Success is the sum of small efforts, repeated day in and day out - 
 Robert Collier 
“This chapter summarises the key achievements presented and discussed in this 
thesis. Suggestions for improvements to the current system and a discussion of 
prospective trends for droplet-based microfluidic systems are also provided.” 
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8.1 CONCLUDING REMARKS 
 
8.1.1 Summary of Achievements 
 
Ever since its first report in 2003, droplet-based microfluidic systems have attracted 
considerable attention due to their unique characteristics and potential for use in high-
throughput analysis. For example, uniform droplets can be reproducibly and controllably 
produced at generation rates in excess of 1 kHz. In addition, the compartmentalisation 
provided by droplets can be used to create reaction vessels for small-scale reactions or 
encapsulation of individual cells or molecules of interest. However, a key advantage (often 
missed) of using droplet systems is the ability to extract vast amounts of information. In this 
thesis, the use of a confocal fluorescence detection system has enabled droplet-based 
microfluidic technology to be used in applications relating to high-throughput analysis. The 
specific achievements are summarised below. 
 
Initially, droplet formation was studied and characterised under a variety of experimental 
conditions. Droplets were generated from aqueous solutions and an oil phase (a 10:1 (v/v) 
mixture of perfluorodecalin and 1H,1H,2H,2H-perfluorooctanol) within a PDMS microfluidic 
device. A crucial parameter affecting droplet formation is Wf and it was found that, for 0.3  
Wf   0.5, droplets with high uniformity in size and high reproducibility in formation rate were 
formed. In addition, the use of linear flow velocities in the range of 20 to 50 mm s
-1
 was 
found suitable for generating rapid mixing and performing online dilution. 
 
A custom-built confocal fluorescence detection setup was subsequently designed, assembled 
and exploited as a high sensitivity detection method for droplet-based microfluidic systems. 
The setup is flexible in design, allowing for a variety of fluorescence measurements, even at 
the single molecule level. The incorporation of three laser sources (488 nm diode, 632.8 nm 
HeNe and 437 nm pulsed diode lasers) facilitates the study of various systems, e.g. general 
fluorescence measurements with a single excitation source, two-colour excitation using two 
laser sources and time-resolved experiments using the pulsed laser. Additionally, the 
installation of two APDs permits measurements associated with two-colour detection, such as 
FRET.  
 
The use of the confocal detection setup allows for online characterisation of individual 
droplets via their fluorescence signatures. Reproducible droplets, with a polydispersity less 
than 5%, generated at formation rates up to 140 Hz and loaded with varying amounts of 
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reagents can be monitored and analysed in terms of their size, formation frequency, 
fluorescence intensity and population. In addition, the combined system showed an excellent 
linear dynamic range, in which linearity was obtained for FITC concentrations between 0.1 
M and 60 M. 
 
The first application of the droplet-based technology was encapsulation of single cells. YFP-
labelled E. coli cells were successfully and controllably compartmentalised within aqueous 
droplets. Combined with the confocal detection setup, droplets containing single or small 
groups of cells could be generated and monitored. This work opened the door to subsequent 
high-throughput single cell assays by us and others
1-5
. In addition, droplet-based microfluidics 
was used to perform quantitative determination of single cells from a heterogeneous 
population. Rare progenitor cells from human preiosteal tissue were encapsulated within 
droplets and characterised. The numbers of each cell population obtained from the droplet 
approach was found to be in excellent agreement with results from conventional flow 
cytometry.  
 
High-throughput binding assays and kinetic measurements were successfully demonstrated 
for the first time using a droplet-based microfluidic system combined with a confocal 
detection setup. Exploiting a common streptavidin-biotin model, the binding between 
streptavidin and biotin was investigated via a FRET process. Binding data were modelled to 
the Hill-Waud equation. A binding ratio of approximately 2.0 obtained from the droplet 
system was in agreement with the expected number of biotin binding sites on streptavidin. In 
addition, the binding rate constant obtained from this streptavidin-biotin system was found to 
be in the range of 3.0 ×10
6
 to 4.5 × 10
7 
M
-1
 s
-1
, which is in agreement with previous studies
6
. 
Furthermore, the droplet-based approach was employed to perform a protein-protein binding 
assay of Angiogenin antibody and antigen. The dissociation rate constant extracted from the 
droplet-based experiments was found to be 6.4  1.6 nM, which again is comparable with 
data from bulk measurements.  
 
As the confocal detection system also allows fluorescence lifetime measurements, dynamic 
FLIM was introduced to study chaotic mixing of droplet contents. Using FLIM, images of 
chaotic mixing patterns within droplets were reconstructed with a temporal resolution of 5 s 
or 20 photons. A customised maximum likelihood estimator approach, adapted from single 
molecule fluorescence lifetime studies, was successfully used to determine fluorescence 
lifetimes to create two dimensional maps of droplet mixing. 
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Finally, SMD measurements were demonstrated for the first time using droplet-based 
microfluidics. Droplets possess minute volumes and provide an ideal environment for 
encapsulation and analysis of single DNA molecules. A home-built non-confocal detection 
setup was appropriately adapted and assembled for SMD measurements within droplets. This 
detection system allows probing of the entire cross-section of the microfluidic channel to 
monitor all molecular events. Fluorescence bursts obtained from the detection system 
indicated the presence of single DNA molecules encapsulated within single droplets. The 
ability to detect and characterise individual molecules within a discrete droplet enables the 
isolation of molecules of interest by means of droplet sorting
7,8
. 
 
8.1.2 Suggested Improvements and Developments 
 
The studies addressed in this thesis clearly suggest that the use of droplet-based microfluidic 
systems is a hugely promising for high-throughput biology and chemistry. The confocal 
fluorescence detection setup has proved to be a highly efficient detection tool and can be used 
to extract huge amounts of information from the analytical system. However, for large scale 
biological experimentation, a high-throughput sample delivery becomes crucial in allowing 
the entire system to operate smoothly and continuously. A prepared cartridge containing 
sample plugs is the most visible example of high-throughput sample injection systems
9,10
; 
however, an automated sample injection or a robotic system could be an ideal solution to the 
chemical and biological analysis using droplet-based microfluidic technologies in a high-
throughput manner. This is currently being addressed in our laboratories at Imperial College 
London in collaboration with researchers at Hong Kong University of Science and 
Technology (HKUST). 
 
For SMD in droplets, the use of a cylindrical lens (to obtain a sheet-like probe volume) to 
homogeneously illuminate the entire cross-section of a microfluidic channel and installation 
of a confocal slit to reduce background from scattering light are obvious improvements that 
should be introduced. 
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8.2 OUTLOOK 
 
Even though droplet-based microfluidics is in an early phase of development, the basic 
technology has huge application in high-throughput biology and chemistry. Many 
applications exploiting droplet capabilities have already been demonstrated
11,12
 and certainly 
many more will follow. The ability to reproducibly generate, manipulate and analyse droplets 
loaded with varied composition at kHz frequencies holds great promise for assay or screening 
formats with sample throughputs in excess of 10
7
 experiments per day. However, as 
discussed, there is a crucial need for high-throughput sample delivery or a robotic sample 
delivery system. This evolution will expedite the entire droplet system for high-throughput 
analysis and extend the use of the droplet technology from basic studies to the real world 
applications.  
 
In addition, a fully automated droplet system or a parallel platform is an appealing goal for 
the next generation of droplet-based microfluidic technology. The ongoing development in 
electronic circuits coupled with droplet-based microfluidic systems to manipulate droplets 
could provide ideal technologies for integrated platforms. In this manner, all required 
processes for biological and chemical analysis, including encapsulation, reaction, detection 
and isolation could be manipulated within a single device.  
 
In the coming months and years, droplet-based microfluidic systems will not be only an active 
field for proof-of-concept demonstrations and academic papers, but they will move towards a 
practical technology for chemical and biological sciences. The future is exciting and ‘Nothing 
is Impossible’. 
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We demonstrate that single cells can be controllably compart-
mentalized within aqueous microdroplets; using such an
approach we perform high-throughput screening by detecting
the expression of a fluorescent protein in individual cells with
simultaneous measurement of droplet size and cell occupancy.
In vitro-compartmentalisation presents a new paradigm for
biological experimentation.1–4 Pioneering work by Griffiths and
Tawfik demonstrated how aqueous microdroplets in an oil carrier
phase could be used to link genotype and phenotype in
experiments that led to the selection of novel enzymes with altered
specificity or enhanced activity.5,6 Subsequent studies have shown
that droplets can be generated and manipulated in microfluidic
channels at high speeds and with high detection efficiencies.7–10
Water-in-oil droplets within microfluidic channels have the
potential to serve as isolated reaction compartments, just like
natural cells. Their femtolitre volumes minimise sample consump-
tion and eliminate dispersion of substrates or products. Moreover
droplets can be generated at frequencies in excess of 1 kHz and
fused with other droplets with chaotic advection within droplets
allowing ultra-fast mixing of the dosed reagents. These character-
istics make microdroplets in microfluidic channels ideal reaction
compartments for many biological experiments,9 including poten-
tially experiments with cells. For example, by entrapping individual
cells in droplets, proteins secreted from a cell remain associated
with it, and open up the prospect of single cell screening of an
expressed protein for directed evolution. Previously, direct
fluorescence activated cell sorting (FACS) has been used for
directed evolution, but such methods are limited to situations
where a positively-charged reaction product happens to bind to the
negatively-charged cell membrane.11–13 Aharoni et al. overcame
this limitation by sorting cells in water/oil/water double emul-
sions14 that maintain the reaction product in the same compart-
ment as the cell producing it by FACS to evolve a thiolactonase.
Transferring this approach to microfluidics has the following
advantages: (a) droplets generated in microfluidics are less
polydisperse than those generated in bulk.15,16 The well-defined
droplet size facilitates quantitative analysis of concentration
changes in the droplet and thus allows more stringent screening.
(b) Droplets can be steered through microfluidic circuits, and
additional reagents added in situ by droplet fusion. Interfacing
with analytical techniques then allows simultaneous measurement
of droplet size and fluorescence with higher precision than FACS.
An initial demonstration of these ideas has recently been provided
by He et al., who report the selective encapsulation of single cells in
picolitre- and femtolitre-volume droplets,17 and Tan et al., who
present a vesicle formation method that can control encapsulation
of biological species.18 In this paper we extend these proof-of-
principle experiments and describe the preparation of microdro-
plets containing few or individual cells, by detecting the expression
of a fluorescent protein in the cell with simultaneous measurement
of droplet size, fluorescence and cell occupancy. Such an approach
allows high-throughput protein expression and relative quantitation
of the expressed protein in a highly uniform and reproducible
manner.
Fig. 1a shows the image of a planar polydimethylsiloxane
(PDMS) microfluidic device used in the current experiments.4 In
the current experiments two aqueous streams were used to
precisely control the number of E. coli cells that expressed yellow
fluorescent protein.19 To achieve this, one inlet is loaded with a cell
suspension (y108 cells ml21, A600 nm y 0.5) in Luria–Bertani
broth (LB medium) and the second inlet with an LB medium only.
Through variation of the fractional volumetric flow rates between
these two channels it was possible to vary the cell occupancy in
each droplet. The droplet profile was extracted optically using a
confocal laser induced fluorescence detection system as shown in
Fig. 1b. The system is capable of resolving single fluorophore
events at frequencies in excess of 100 KHz.
Typical examples of fluorescence readout under low and high
cell occupancy per droplet are shown in Figs. 1c and 1d over a
timescale of less than a second. Importantly the LB medium acts
as a weakly fluorescing background defining the aqueous droplet
boundaries (SNR = 9), whilst distinct photon bursts, correspond-
ing to the presence of individual cells, can be distinguished on top
of this background. The LB fluorescent background is char-
acterised by an approximately rectangular cross-section (marked
by the red dotted line). The full width half maximum (FWHM) of
fluorescent bursts arising from E. coli cells is 30-fold shorter than
the background droplet events, which is consistent with the relative
length of droplets (40 mm, corresponding to a volume of
30 femtolitres) and E. coli cells (1.5–2.0 mm).
The uniformity of droplet size and the reproducibility in their
rate of formation can be assessed by performing a Fourier
transform of the time-domain fluorescent readout. An example of
such an analysis is shown in the inset of Fig. 2(b) for an acquisition
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period of 60 s. The greater the variation in droplet size and droplet
generation rates, the broader the FWHM of the FT. The droplet
frequency was 60 Hz with a FWHM less than 1 Hz, indicating a
polydispersity less than 5%.
Errors associated with false positives can be significantly
reduced by correct threshold selection when determining droplet
and cell location. For this, a modified single molecule burst scan
approach is utilized. A photon counting histogram (PCH) as
shown in Fig. 2a was used as the starting point for determining an
appropriate threshold for a given data set. Since the background
shot noise exhibits Poissonian statistics,20 the early part of the
PCH dominated by low, background counts is modelled to a
Poisson distribution, which then sets a statistical limit for the
droplet threshold. Photon counting events above this threshold
were identified as droplets. By analogy with Gaussian systems the
selected peak discrimination threshold can be defined as three
standard deviations from the mean count background rate nshot,
nshot = m + 3!m
Adoption of a threshold that lies three standard deviations
above the mean yields a confidence limit that is typically greater
than 99%. In the example shown, the background shot noise
threshold is calculated to be 16 counts per bin. The second
component of the PCH is defined as the cell distribution and can
be approximated to be Gaussian in nature.21 This threshold value
nd was determined by the mean (m9) and standard deviation (s)
calculated from the Gaussian fit,
nd = m9 + 1.5s
In the example shown this value was determined to be 56 counts
per bin. As such, nshot was used to determine droplet boundaries
and nd was used as the threshold to extract cellular information.
Fig. 1 (a) Optical image of the PDMS device for producing uniformly
sized and spaced aqueous droplets. The 50 mm square fluidic channel
network consists of 3 inlets and one outlet. Two of the inlets (A, B) are
used to deliver aqueous solutions and the third (C) delivers the water
immiscible oil phase. The volumetric flows are controlled using precision
syringe pumps. (b) Schematic of the laser induced fluorescence optical
setup. (c,d) Optical readout of 0.5 s traces recorded, along with insets,
under low (cell suspension: 0.3 ml min21, LB: 2.7 ml min21) and high (cell
suspension: 2.1 ml min21, LB: 0.9 ml min21) cell loading conditions. Each
arch-shaped signal corresponds to the weakly fluorescent LB medium that
forms the aqueous droplet. Droplets containing cells are distinguished by a
vertical spike arising from the expressed fluorescent protein.
Fig. 2 (a) Photon burst threshold distributions. The shot noise
Poissonian distribution has a threshold level of 16 counts and the
cellular/LB Gaussian threshold distribution has a value of 56. (b) Droplet
width distribution. Inset: Fourier transform of a typical time trace for
droplet generation. (c) Probability distribution for cellular occupancy
within single droplets. The cell suspension and LB medium, going from
low to high cell loading condition, had volumetric flow rates of (Blue
0.3 ml min21, 2.7 ml min21), (Red 0.6 ml min21, 2.4 ml min21), (Green
0.9 ml min21, 2.1 ml min21), (Black 1.5 ml min21, 1.5 ml min21), (Grey
1.8 ml min21, 1.2 ml min21), (Light blue 2.1 ml min21, 0.9 ml min21).
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Using these defined thresholds, individual droplet widths were
determined. In Fig. 2b droplets have a mean residence time of
7.5 ms and a relative standard deviation of 5%. The distribution
itself is Gaussian in nature and the small FWHM correlates closely
with the high level of inter-droplet uniformity. The residence time
can be converted to a spatial dimension by accounting for the
linear flow velocity within the fluidic channel. In the current data
the flow velocity was 50 mm s21 and hence the droplet width was
calculated to be 40 mm. In general, cells have a residence time
within the detection probe volume of between 200–500 ms, yielding
an average estimated size of 1.9 mm.
Fig. 2c shows a probability distribution describing the number
of cells per individual droplet. Cell occupancy is controlled by
varying the ratio between the cell and LB streams, and tuneable
between 1–6 cells per droplet. For example, under low cell loading
conditions the instantaneous occupation probabilities are 83% (for
an empty droplet), 16% (for single occupancy) and 1% (for double
occupancy). Under high cell loading conditions the instantaneous
occupation probabilities are 10, 23, 31, 25, 7, and 2% (for one to
six cells per droplet, respectively). This corresponds to a Gaussian
distribution of cell occupancy with a mean of 3 cells per droplet.
When performing single cell analysis within single droplets, a
detection occupancy of either 0 or 1 cells per droplet is ideally
required. Since we are able to generate droplets extremely quickly
(limited only by the acquisition rate), the occurrence of empty
droplets does not limit analytical throughput. This concept closely
mimics considerations in single molecule photon burst spectro-
scopy where the aim is to maximize the probability of having either
0 or 1 molecule within the detection probe volume.22 We show
here that this can essentially be achieved with confined cellular
populations. This is significant for future applications of droplet
technology in directed evolution, where the ability to make
‘monoclonal’ droplets will be especially important.
To demonstrate the potential utility of the approach for
expression studies we used the system to monitor growth of
E. coli (grown at 37 uC, 225 rpm) expressing the yellow fluorescent
protein mutant ‘Venus’.19 The data shown in Fig. 3 were recorded
and compared with data obtained by standard absorbance
measurements (analysing sample turbidity at 600 nm). The
fluorescence measurements in the cell compare well with
absorbance measurements and demonstrate utility for monitoring
and analyzing cell growth in bulk. We expect that this technique
will allow the study of cell populations at different stages of their
growth and under different environmental conditions such as pH,
amount of nutrition, cell densities or in the presence of added
molecules.
In conclusion, we have demonstrated that single cells can be
controllably compartmentalized within aqueous microdroplets.
Moreover, we have demonstrated that our high-throughput screen
allows us to compare single cell vs. cell–cell or even cell-
subpopulations within well defined compartments. The demand
for such technology is well recognised.23 This approach has the
potential to impact on the study of many biological systems and
opens the door to future high-throughput single cell assays with
sample throughputs in excess of 107 per day.
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Fig. 3 Growth curves of E. coli expressing the fluorophore ‘Venus’
analysed with standard turbidity (black circles) and within microdroplets
(white circles). Cell density in bulk (measured at A 600 nm) and cell
occupancy in droplets (number of cells/total number of droplets) show that
the level of expressed fluorescent protein increases similarly over time,
indicating that the measurement in droplets faithfully reflects the
expression and growth state. To validate our results we measured each
sample for more than 120 s using PBS–LB (1 : 1 v/v) only for the second
inlet. The flow rate was 2.0 ml min21 for the cell sample and 1.0 ml min21
for the second inlet. Microdroplet data are calculated by averaging
multiple droplet events.
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High-Throughput DNA Droplet Assays Using
Picoliter Reactor Volumes
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The online characterization and detection of individual
droplets at high speeds, low analyte concentrations, and
perfect detection efficiencies is a significant challenge
underpinning the application of microfluidic droplet reac-
tors to high-throughput chemistry and biology. Herein, we
describe the integration of confocal fluorescence spec-
troscopy as a high-efficiency detection method for droplet-
based microfluidics. Issues such as surface contamina-
tion, rapid mixing, and rapid detection, as well as low
detections limits have been addressed with the approach
described when compared to conventional laminar flow-
based fluidics. Using such a system, droplet size, droplet
shape, droplet formation frequencies, and droplet com-
positions can be measured accurately and precisely at
kilohertz frequencies. Taking advantage of this approach,
we demonstrate a high-throughput biological assay based
on fluorescence resonance energy transfer (FRET). By
attaching a FRET donor (Alexa Fluor 488) to streptavidin
and labeling a FRET acceptor (Alexa Fluor 647) on one
DNA strand and biotin on the complementary strand,
donor and acceptor molecules are brought in proximity
due to streptavidin-biotin binding, resulting in FRET.
Fluorescence bursts of the donor and acceptor from each
droplet can be monitored simultaneously using separate
avalanche photodiode detectors operating in single photon
counting mode. Binding assays were investigated and
compared between fixed streptavidin and DNA concentra-
tions. Binding curves fit perfectly to Hill-Waud models,
and the binding ratio between streptavidin and biotin was
evaluated and found to be in agreement with the biotin
binding sites on streptavidin. FRET efficiency for this
FRET pair was also investigated from the binding results.
Efficiency results show that this detection system can
precisely measure FRET even at low FRET efficiencies.
In recent years, microfluidic systems have been successfully
used to generate multiphase flows in a variety of formats. Of
particular note are those that exploit flow instabilities between
immiscible fluids to generate suspended droplets.1 In simple
terms, droplets can be made to spontaneously form when laminar
streams of aqueous reagents are injected into an immiscible carrier
fluid. The formed droplets define picoliter volumes, and because
each droplet is isolated from both channel surfaces and other
droplets, each acts as an individual reaction vessel.2 Importantly,
variation of the cross-sectional dimensions of the microfluidic
system and the relative flow rates of the input streams allows for
exquisite control over droplet size, volume fraction in the continu-
ous phase, frequency of droplet production, and relative concen-
trations of reagents contained within each droplet. Several recent
studies have exploited the formation of droplets in microfluidic
systems to perform a variety of analytical processes.2 For example,
droplet-based microfluidic systems have been used to perform
enzyme assays,3 small-molecule synthesis,4-6 protein crystalliza-
tion,7-9 nanoparticle synthesis,10-12 enzyme kinetic studies,13
synthesis of functional reaction networks,6 and cell-based assays.14
Droplet-based microfluidic systems provide a controlled environ-
ment in which to perform rapid mixing, isolation of picoliter-size
fluid volumes, and rapid variation of reaction conditions. An
elegant example of this facility has been demonstrated by
Ismagilov and colleagues, in which they used droplets to measure
reaction kinetics on the millisecond time scale.1 The rapid binding
rate of Ca2+ to fluoro-4, a calcium-sensitive dye, which is strongly
fluorescent when combined with Ca2+, was measured using a
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winding poly(dimethylsiloxane) (PDMS) channel to accelerate
fluidic mixing. Results showed that strong fluorescence associated
with the mixing of Ca2+ and fluoro-4 inside the droplets was due
to the formation of fluoro-4-Ca2+. This reaction was observed over
a distance of 500 ím. In addition, at higher flow rates, mixing
times as fast as 2 ms were achieved. In addition, Huebner et al.
recently reported the encapsulation of single cells within micro-
droplets to allow for high-throughput screening of Escherichia coli
cells. In this study, cells expressing a fluorescent protein were
controllably encapsulated in droplets, with cell load, droplet size,
and droplet generation frequencies monitored in real time.14
In all situations, the ability to controllably form droplets with
variable reagent composition at high-speed lies at the heart of
the performance improvements when compared to conventional
microfluidic devices operating under laminar flow conditions. It
is interesting to realize that segmented-flow systems can generate
droplets at rates in excess of 1 kHz. In theory, this means that
millions of individual reactions or assays can be processed in very
short times. Nevertheless, fewsif anysstudies have successfully
exploited this unique feature, with analytical throughput normally
defined by the speed at which the detection system can function.
Although a range of detection methods have been used to
characterize droplets, almost all reported studies incorporate
fluorescence detection using a microscope equipped with a CCD
camera. Unfortunately, at high droplet generation rates, conven-
tional CCD cameras are not fast enough to sensitively interrogate
each droplet. Accordingly, more costly high-speed cameras
(typically with frame speeds in excess of 1000 frames/s) are
typically used; however, these cameras lack sensitivity when
compared to photomultiplier tubes and avalanche photodiode
detectors (APDs), which both have high sensitivity15 and fast
response times.
Accordingly, an efficient detection system for extracting and
utilizing the vast amounts of information produced from micro-
droplet reactors is certain to be key in defining the ultimate utility
of segmented-flow systems in high-throughput chemistry and
biology.16 To this end, we report herein, a high-sensitivity confocal
fluorescence detection system integrated with droplet-based
microfluidic devices to conduct high-throughput biological assays.
Through the integration of high-sensitivity confocal fluorescence
spectroscopy, we demonstrate that online characterization of
picoliter-sized droplets in continuous-flow and high-speed droplet
generation rates can be performed and that analyte inside such
droplets can be accurately and precisely quantified in a high-
throughput format. Moreover, we use this approach to perform a
high-speed and low-volume biological assay based on fluorescence
resonance energy transfer (FRET) spectroscopy. The application
of such a format is especially advantageous since analyte confine-
ment and isolation within droplets removes any possibility of
surface adsorption and other forms of contamination that afflict
conventional, single-phase laminar flow systems. In addition, since
mixing is rapid and reagent transport occurs with no dispersion,
microdroplet reactors are superior environments in which to study
reaction kinetics when compared to diffusion-limited, continuous-
flow formats.
EXPERIMENTAL SECTION
Device Fabrication and Operation. Microfluidic devices
were fabricated by PDMS molding from SU-8 masters.17 Access
holes were punched into the PDMS channel ends with a syringe
needle. To yield rigid microfluidic test devices, 1-mm-thick
microscope slides were used as a chip-to-world interface. Holes
coinciding with access holes in the PDMS microfluidic layer were
drilled with a 1-mm-diameter diamond drill bit. Standard fused-
silica capillaries (150-ím i.d., 375-ím o.d., Composite Metal
Services, Hallow, UK) were then inserted and fixed with chemi-
cally resistant epoxy to serve as fluidic reservoirs (Araldite 2014,
RS Components, Corby, UK). For optical imaging, the PDMS
microdevice was attached to a 160-ím microscope coverslip. The
microchip layout comprises either three or four inlets, a 50-ím-
wide and 50-ím-deep mixing channel, and a common outlet. This
design broadly follows the layout originally described by Song et
al.1 A section of the PDMS microfluidic device is shown in Figure
1a. It should also be noted that an initial winding section (not
shown) of the primary microchannel was integrated to induce
chaotic advection inside droplets and thus allow extremely rapid
and efficient mixing within each droplet.6,18
Detection System. The completed microfluidic device was
placed onto a translation stage and appropriately aligned with a
custom-built confocal spectrometer19 (Figure 1b). Briefly, the
spectrometer consisted of a 488-nm CW air-cooled argon ion laser
excitation source. A dichroic mirror (505DRLP02; Omega Optical,
Brattleboro, VT) is used to reflect the 488-nm radiation and so
define a vertical axis, normal to the surface of the optical table. A
100 microscope objective brings the light to a tight focus within
the microfluidic channel. Subsequently, fluorescence emission is
collected with the same high-NA objective and transmitted
through the same dichroic mirror. An emission filter (515EFLP;
Omega Optical) removes any residual excitation light, and a plano-
convex lens (+50.2F; Newport Ltd.) focuses the fluorescence onto
a precision pinhole (200 ím; Melles Griot, Huntingdon, Cam-
bridgeshire, UK). Another long-pass dichroic mirror (630 LP) is
then used to split the signal onto two avalanche photodiodes (AQR-
141, EG&G, Perkin-Elmer). Dual detection was implemented for
FRET-based experiments where the Alexa 488 and Alexa 647
fluorophores are recorded in distinct detection channels. Both
detectors are coupled to a multifunction DAQ device for data
logging (National Instruments, USB-6251) and have sub-micro-
second time resolution per channel.
It should be noted that the instrumentation described can easily
be adapted for use with a slit scanning geometry to improve overall
concentration detection limits further. Nevertheless, in the current
embodiment, the detection system has single molecule/fluoro-
phore resolution and consists of a diffraction-limited Gaussian
probe volume. Accordingly, if desired, local intradroplet variations
can be monitored with high spatial resolution.
Sample Preparation. Alexa Fluor 488 streptavidin conjugate
was obtained from Invitrogen (Paisley, UK). Oligonucleotides were
(15) Stavis, S. M.; Edel, J. B.; Li, Y. G.; Samiee, K. T.; Luo, D.; Craighead, H. G.
Nanotechnology 2005, 16, S314-S323.
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purchased from Operon (Cologne, Germany). The biotinylated
strand consisted of the following sequence: biotin-5′-GCGCTAA-
AATTATTTATTGATCGATTTTTTTTCGGGCGCGGCGGGC-3′. A
complementary strand internally modified with Alexa Fluor 647
possesses the sequence 3′-CGCG[Alexa 647]TTTTAATA AATAAC-
TAGCTAAAAAAAAGCCCGCGCCGCCCG-5′. DNA hybridization
was conducted at pH 8.0 using a binding buffer consisting of 100
mM Tris-HCl, 10 mM NaCl, and 3 mM MgCl2. A mixture of single-
stranded DNA (biotin-labeled DNA and Alexa 647-labeled DNA)
was prepared by pipetting 50 íL of 200 nM of each DNA solution
into 200-íL Eppendorf tubes, resulting in each DNA strand having
a concentration of 100 nM. The DNA mixture was hybridized
using a Genius Thermal Cycler (Techne, Cambridge, UK).
Hybridization was performed by rapidly increasing the tempera-
ture to 92 °C and holding at this temperature for 2 min. The
temperature was then slowly decreased to 4 °C at a rate of 1.6 °C
min-1.
To perform the high-throughput DNA binding assay, Alexa
Fluor 488 conjugated with streptavidin and Alexa Fluor 647
coupled to DNA was used as a FRET donor and acceptor pair,
respectively. One of the two DNA sequences was labeled with
Alexa Fluor 647 and the other with biotin. Consequently, hybrid-
ized DNA consisted of Alexa Fluor 647 on one strand and biotin
on the complementary strand. The acceptor (Alexa Fluor 647)
was linked to the donor (Alexa Fluor 488) via a biotin-streptavidin
linkage. Sections a and c in Figure 1 schematically show a
microfluidic device setup for FRET experiments and how the
FRET process occurs, respectively. The Fo¨rster distance R0 (the
distance at which FRET efficiency is 50%) of this FRET pair was
estimated to be 39.0 Å on the basis of Fo¨rster formalism.20 The
donor-acceptor distance (RDA) was found to be 41.6 Å, calcu-
lated using a distance of 13.6 Å for the four-base pair separation
between the donor and acceptor and the radii of streptavidin (25.0
Å) and biotin (3.0 Å).21
Fluidics. Precision syringe pumps (PHD 2000, Harvard
Apparatus) were used to deliver reagent solutions at flow rates
ranging from 0.1 to 5 íL min-1 using 1-mL gastight syringes (SGE
Europe Ltd.). The continuous oil phase used for all experiments
consisted of a 10:1 (v/v) mixture of perfluorodecalin and
1H,1H,2H,2H-perfluorooctanol. All liquids were filtered using 0.2-
ím syringe filters (Pall Corp.) before use.
RESULTS AND DISCUSSION
Preliminary characterization experiments were conducted
using fluorescein 5-isothiocyanate (FITC) in a pH 9.0 buffer, with
droplets being generated within two aqueous-inlet microfluidic
devices. The FITC solution and pH 9.0 buffer were introduced
separately via the two aqueous inlets. Accordingly, online dilution
can be performed by changing the relative flow rates of FITC and
buffer streams, but keeping the total aqueous flow rate constant
to maintain the water fraction. FITC fluorescence was detected
(20) Clapp, A. R.; Medintz, I. L.; Mauro, J. M.; Fisher, B. R.; Bawendi, M. G.;
Mattoussi, H. J. Am. Chem. Soc. 2004, 126, 301-310.
(21) Swift, J. L.; Heuff, R.; Cramb, D. T. Biophys. J. 2006, 90, 1396-1410.
Figure 1. (a1) Schematic of the microfluidic device. The 50-ím square cross-section microchannel network consists of 4 inlets and 1 outlet.
The 3 aqueous inlets used in the assay consist of a binding buffer, strepatavidin, and biotinylated DNA. (a2) Example image of droplets generated
using the microfluidic system. (b) Schematic of the optical detection system used. A complete description of the setup is supplied in Supporting
Information. (c) Schematic of the Alexa 488-Alexa 647-labeled DNA FRET system. The donor, Alexa 488, is conjugated with streptavidin. The
acceptor, Alexa 647, is labeled on one DNA strand and the complementary strand is labeled with biotin. The acceptor is linked to the donor via
the streptavidin-biotin linkage.
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by the green APD detector at 1-ms resolution for a 65-s acquisition
time.
Figure 2 shows representative data over a period of 500 ms
for 53.3 íM FITC at a volumetric flow rate of 3.75 íL min-1 (for
both the aqueous and oil phases). The total flow rate was 7.5 íL
min-1, corresponding to a linear flow velocity of 50.0 mm s-1 and
a water fraction of 0.5. For the current experiments, the water
fraction (Wf) is simply defined as Wf ) Fw/(Fw + Fo), where Fw
and Fo are the total aqueous- and oil-phase flow rates, respectively.
The uniformity of the droplet signature is highlighted by an
expanded segment shown in the inset of Figure 2. Average signal
intensities were typically on the order of 400 counts. The relative
standard deviation was determined to be 4.1%. In general, the
fluorescent signal recorded was highly uniform, confirming that
droplet generation, as well as delivery of the aqueous and oil
phases within the microfluidic structure, was highly reproducible
in nature. It should also be noted that since variation of the
incident laser intensity plays a significant role in accurate deter-
mination of burst heights, a photodiode was used to correct for
any instabilities associated with the laser output. The diffraction-
limited focus of the laser beam was aligned directly to the central
portion of the channel width. Moreover, expanding the laser beam
further to probe the entirety of the droplet can in principle
decrease the spread in the burst heights; however, this was not
performed in the current experiments to ensure a sufficiently high
signal-to-noise ratio (SNR) at low analyte concentrations. In
practice, decreasing the width of the channel should allow for a
larger percentage of the droplet to be probed while maintaining
sufficiently high contrast in terms of SNR. These experiments will
be investigated in a further study.
An average background signal intensity of 10.2 counts per bin
for flow rates ranging from 0.1 to 8.0 íL min-1 remains ap-
proximately constant throughout each acquisition. The back-
ground threshold was therefore set to 10 counts per bin for all
experiments as predicted by a Poissonian analysis. A photon
counting histogram (PCH) was used as the starting point for
determining an appropriate threshold for a given data set. Since
the background shot noise exhibits Poissonian statistics,22 the
early part of the PCH (dominated by low, background counts) is
modeled to a Poisson distribution, which then sets a statistical
limit for the droplet threshold. Photon counting events above this
threshold were identified as droplets. In an analogy with Gaussian
systems, the selected peak discrimination threshold can be de-
fined as three standard deviations from the mean background
count rate. Adoption of this threshold yields a confidence limit
that is greater than 99% in discriminating between signal and
noise.
An example of a time trace for three different dilutions over a
200-ms window is shown in Figure 3a. The volumetric flow rates
in the aqueous channel were varied to change to the total FITC
concentration after mixing. Importantly, the flow rates can be
changed on-the-fly resulting not only in high-throughput droplet
generation but also in local conditional changes within a droplet.
The total aqueous flow rate in this example was kept constant at
3.0 íL min-1, and the FITC flow rate was gradually increased from
0.3 to 0.9 and 1.5 íL min-1 resulting in peak intensities of 184,
515, and 882 counts, respectively. The uniformity of droplet size
and the reproducibility in the rate of formation can be assessed
by performing a Fourier transform (FT) of the time-domain
fluorescent readout. An example of such an analysis is shown in
Figure 3b for an acquisition period of 65 s and FITC concentrations
of 100, 300, and 500 nM. The greater the variation in droplet size
and droplet generation rates, the broader the full width at half-
maximum (fwhm) of the FT. The droplet frequency was 70 Hz
with a fwhm less than 1 Hz, indicating a polydispersity less than
5%. As expected, nonuniform droplet generation will severely
broaden the fwhm. For our system, this is only observed if
unstable flows caused by channel blockage or leakage at the
syringe/capillary interface occur.
To further observe the stability of droplet formation and the
efficiency of the detection system, compositions of aqueous
solutions inside the droplets were changed by continuously
varying the volumetric flow rates of the aqueous solutions, to ramp
the FITC concentration from 100 to 60 000 nM. The total aqueous
flow rate was kept constant at 3.0 íL min-1 and the oil flow was
maintained at 4.5 íL min-1, resulting in a water fraction of 0.4.
Fluorescence emission of FITC from each droplet was recorded
using 1-ms bin times over a period of 65 s. A calibration plot of
FITC concentration as a function of burst height is shown in
Figure 4a. The relationship between burst height and FITC
concentration is seen to be linear with a high correlation coefficient
of R2 ) 0.9981. In addition, droplet widths and frequencies were
determined throughout the FITC concentration range. Inspection
of Figure 4b and c shows that droplets were 10 ms in length
and were produced at a rate of 68 Hz with a relative standard
deviation of less than 3%. These data indicate high uniformity and
stability of droplet size and high reproducibility in formation
rate.
Subsequently, we applied the system to perform a biotin/
streptavidin assay based on FRET. The assay was performed using
three aqueous-inlet microfluidic devices having 50-ím width, 50-
ím depth, and 44-cm length. A schematic of this device is shown
in Figure 1a. The flow rates of the oil phase and aqueous solutions
were set to 1.5 íL min-1, resulting in a total flow rate of 3.0 íL
min-1 (20 mm s-1) and a water fraction of 0.5. Streptavidin(22) Edel, J. B.; deMello, A. J. Appl. Phys. Lett. 2007, 90, 053904.
Figure 2. Optical readout of 500-ms window for droplets containing
a 53.3 mM solution of FITC in a pH 9.0 buffer. This experiment was
carried out using total flow rate of 7.5 íL min-1 (50 mm s-1) and Wf
) 0.5. Each fluorescence peak corresponds to an individual droplet,
and data were recorded using 1-ms bin time. The inset defines an
expanded 20-ms portion of the main trace.
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conjugated with Alexa 488 and Alexa 647-labeled hybridized DNA
solutions in binding buffer were pumped separately through the
aqueous inlets. Binding buffer was delivered into the middle
aqueous inlet to prevent the reagents from coming into contact
prior to droplet formation. Thus, mixing and binding of strepta-
vidin and DNA only occurs inside the formed droplet. Since Alexa
488 emits green fluorescence with a peak maximum at 519 nm,
upon binding of streptavidin to biotin, some energy is transferred
to Alexa 647. Red fluorescence, detected by the acceptor APD
detector, at wavelengths between 650 and 710 nm, was obtained
from Alexa 647 emission only as a result of FRET. Thus, two
fluorescence signals, from Alexa Fluor 488 and Alexa Fluor 647,
Figure 3. (a) Optical readout for 3 different FITC concentrations (100, 300, and 500 nM) over a 650-ms window. Droplets were produced
using oil and aqueous flow rates of 4.5 and 3.0 íL min-1, respectively, resulting in the total flow rate of 7.5 íL min-1 (50 mm s-1) and
water fraction of 0.4. (b) FTs of the time-domain fluorescent readouts of the same data presented in (a): (b1) 100, (b2) 300, and (b3) 500
nM.
Figure 4. Variation of fluorescence burst height (a), droplet frequency (b), and burst width (c) as a function of FITC concentration. Solid red
lines and dashed blue dash lines in (b) and (c) represent the values of mean and one standard deviation from the mean, respectively. Fluore-
scence bursts were collected over a period of 65 s with a temporal resolution of 1 ms. Droplet formation conditions are as shown in Figure
3.
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were detected simultaneously using separate APD detectors and
recorded for 60 s using 50-ís bin times.
In order for efficient FRET, the donor emission spectrum must
overlap with the acceptor absorption spectrum. The greater the
spectral overlap, the higher the FRET efficiency. However, cross
talk (leakage of donor emission into the acceptor detector) must
be minimized. Hence, the FRET efficiency and leakage have to
be carefully balanced. Furthermore, direct excitation of the
acceptor must be eliminated. Therefore, Alexa Fluor 488 and Alexa
Fluor 647 were selected as the FRET pair in this system in order
to minimize cross talk and avoid direct excitation of the acceptor.
Due to the high sensitivity of the APD detectors, fluorescence
from FRET can be detected accurately and precisely even at low
FRET efficiency. It was found that cross talk of this FRET pair
was only 1.2%. However, for precise determination of fluores-
cence intensities, photon counts from the acceptor detector were
corrected using the following relationship:
Here IA and I′A are photon counts from the acceptor (red)
detector before and after correction, IDNA and ISt are photon counts
from the acceptor detector when using only DNA and streptavidin
(no FRET), respectively. C is the initial concentration, and C′ is
the concentration for each condition in the experiment.
An initial assay was conducted by fixing the donor-labeled
streptavidin concentration and varying the acceptor-labeled DNA
concentration. This was achieved by keeping the flow rate of 110
nM streptavidin constant, while varying the flow rate of 100 nM
DNA. The flow rate of the binding buffer was changed to maintain
a total aqueous flow rate of 1.50 íL min-1. To study the effects of
fixed streptavidin concentrations on binding curves, the fixed flow
rate of streptavidin was changed from 0.20 to 0.30 íL min-1 to
obtain 14.7 and 22.0 nM streptavidin concentrations. For each
streptavidin flow rate, the same set of DNA flow rates (varied from
0.10 to 1.10 íL min-1) was used to enable comparison of binding
results. Consequently, binding ratios, defined as the ratio of DNA
concentration to streptavidin concentration, were slightly different
for each streptavidin concentration. Taking advantage of the
microfluidic approach used, concentrations of each solution were
precisely and continuously varied by changing the flow rates of
the syringe pumps. In addition, the same set of binding ratios
(varied from 0.30 to 3.33) was used for each streptavidin flow rate
(0.20 and 0.30 íL min-1). Importantly, the green and red signals
are co-incident, indicating that within droplets efficient transferral
of energy between donor and acceptor occurs.
Extracted burst heights and areas of both the green and red
fluorescence signals were plotted as surface densities (Figure 5a
and b) to allow inspection of data distributions for 2600 droplets.
Both are perfectly modeled by Gaussian distributions with well-
defined fwhm and confirm high reproducibility and small disper-
sion of burst heights and widths for both green and red channels.
Droplet widths obtained from the donor (green) and acceptor
(red) detectors were in excellent agreement. The average droplet
size was found to be 30 ms with a relative standard deviation of
10%.
Binding curves illustrating the binding ratio as a function of
fluorescence burst height from the acceptor detector (red detec-
tor) are presented in Figure 6a. For each fixed streptavidin
concentration at 14.7 and 22.0 nM, “red” fluorescence bursts
increase with the binding ratio. This is a result of greater energy
transfer with a higher number of acceptors linked to the donor.
However, further increases in binding ratio (above 2.0) did not
result in higher fluorescence bursts due to the limitation of biotin-
binding sites on the streptavidin-conjugated Alexa 488. Compari-
son of data measured at different streptavidin concentrations
demonstrates that the higher the streptavidin concentration, the
higher the energy transfer (due to the increased number of donors
to transfer energy). It was observed that all binding curves plateau
at binding ratios of 2.0, indicating that only two biotin-binding
sites on streptavidin were successfully filled.
Figure 5. Graphical representation of FRET distributions. Surface density plots of burst height and area for green (a) and red (b) channels.
Fluorescence bursts were recorded using 50-ms resolution over a 60-s acquisition time.
I′A ) IA - (IDNA  C′DNACDNA) - (ISt  C′StCSt) (1)
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To determine binding parameters, the resulting binding curves
were fitted to a Hill-Waud model:23
Here F is the fluorescence intensity, x is the binding ratio, Vmax is
the maximum binding rate, KH is the half-dissociation constant,
and n is the Hill coefficient of cooperativity. This analysis yielded
excellent fits for both curves. The Hill-Waud model fit parameters
(Vmax, KH, n) were found to be 984, 0.43, and 2.13 for 14.7 nM
streptavidin and 1358, 0.43, and 2.13 for 22.0 nM streptavidin,
respectively.
To supplement studies at fixed streptavidin concentration, fixed
DNA concentrations were also investigated. A flow rate of 100
nM DNA was kept constant, whereas the flow rate of 100 nM
streptavidin was varied to generate binding curves. Fixed DNA
concentrations were changed from 13.3 to 16.7 nM by varying
volumetric flow rates between 0.20 and 0.25 íL min-1. For each
fixed DNA concentration, the same set of binding ratios (0.30-
3.00) was used. Figure 6b shows a plot of binding ratio versus
green fluorescence burst height from the donor detector at 13.3
and 16.7 nM DNA concentrations. As a result of energy transfer,
fluorescence bursts of the donor exponentially decay when binding
ratios are increased. In addition, the higher the DNA concentra-
tion, the higher the donor fluorescence intensity since the
streptavidin concentration must be increased when increasing
DNA concentration to maintain the binding ratio.
To physically quantify the degree of binding, the burst height
intensities, as shown in Figure 7, must be converted to FRET
efficiencies. Theoretically, the FRET efficiency (Etheory) can be
evaluated from the following equation:
Using R0 ) 39.0 Å and RDA ) 41.6 Å, the theoretical FRET
efficiency was estimated to be 0.4. However, the FRET efficiency
can be also experimentally calculated using
(23) Moran-Mirabal, J. M.; Edel, J. B.; Meyer, G. D.; Throckmorton, D.; Singh,
A. K.; Craighead, H. G. Biophys. J. 2005, 89, 296-305.
Figure 6. Binding curves illustrating the binding ratio as a function of fluorescence burst height from the acceptor detector. (a) Plot of red
fluorescence burst height from FRET against binding ratio at fixed streptavidin concentrations of 14.7 and 22.0 nM. Data were fitted using the
Hill-Waud model. (b) Green fluorescence decays of the donor as a result of energy transfer.
Figure 7. Variation of FRET efficiency as a function of binding ratio for fixed streptavidin concentrations at 14.7 and 22.0 nM (a) and for fixed
DNA concentrations of 13.3 and 16.7 nM (b).
F ) Vmax
xn
KH
n + xn
(2)
Etheory )
1
1 + (RDAR0 )6 (3)
Eexp )
I′A
I′A + ID
(4)
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where ID is the fluorescence intensity of the donor and I′A is the
corrected fluorescence intensities of the acceptor from eq 1. Figure
7 depicts FRET efficiencies obtained from the current experi-
ments. The FRET efficiencies are higher than anticipated from
theory due to the fact that the number of donor fluorophores
conjugated with streptavidin approximate to 5. When the strepta-
vidin concentration is fixed (Figure 7a), the FRET efficiencies
directly depend on the binding ratio. Using a higher streptavidin
concentration, but the same binding ratio, results in a shift toward
higher FRET efficiencies due to the increased number of both
donors and acceptors. FRET efficiency plots obtained at fixed DNA
concentrations are shown in Figure 7b. The highest FRET
efficiency was obtained at a high binding ratio corresponding to
low streptavidin concentrations. The efficiency gradually increases
with decreasing streptavidin concentration due to a concomitant
increase in the binding ratio. The efficiency was found to be
constant when the binding ratio corresponds to 2.0 for fixed
DNA concentrations at 13.3 and 23.3 nM. This is a direct
consequence of the limited number of acceptors (or DNA targets).
CONCLUSIONS
We have demonstrated a novel, high-throughput, droplet-based
microfluidic assay. The approach allows for online characterization
and detection of droplets (defining individual reaction vessels) at
rates in excess of 1 kHz. Individual microdroplets (with typical
volumes of 300 pl) can be generated in a rapid and reproducible
manner and can be monitored and characterized (in terms of their
chemical composition) in real time. Application of this system for
studying FRET-based DNA assays was successfully achieved using
a biotin-streptavidin protocol. We expect that this general
approach for high-throughput droplet analysis will be readily
extended to the study of other biological assays or molecular
interactions such as protein-DNA binding and protein-ligand
interactions. Due to the ability to form reproducible small-volume
droplets in a rapid fashion, combined with the ability to generate
individual droplets of varying reagent composition, studies of
biological interactions within droplets at the single-molecule level
are an appealing possibility and pave the way for a new generation
of droplet-based microfluidic systems. Indeed, we are currently
extending our approach to include spatially resolved fluorescence
lifetime imaging of droplets. Such developments will facilitate high-
throughput, protein-folding studies with sub-microsecond timing
resolution. These studies will form the basis of a future publication.
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Monitoring of Real-Time Streptavidin-Biotin
Binding Kinetics Using Droplet Microfluidics
Monpichar Srisa-Art,† Emily C. Dyson,† Andrew J. deMello,*,† and Joshua B. Edel*,†,‡
Department of Chemistry, and Institute of Biomedical Engineering, Imperial College London, South Kensington,
London, SW7 2AZ, United Kingdom
Rapid kinetic measurements are important in understand-
ing chemical interactions especially for biological mol-
ecules. Herein, we present a droplet-based microfluidic
platform to study streptavidin-biotin binding kinetics with
millisecond time resolution. With integration of a confocal
fluorescence detection system, individual droplets can be
monitored and characterized online to extract kinetic
information. Using this approach, binding kinetics be-
tween streptavidin and biotin were observed via fluores-
cence resonance energy transfer. The binding rate con-
stant of streptavidin and biotin was found to be in a range
of 3.0 × 106-4.5 × 107 M-1 s-1.
Recently, droplet-based microfluidics have been developed to
overcome the mixing and reagent dispersion problems associated
with laminar flow-based microfluidics. By injecting laminar streams
of aqueous reagents into an immiscible carrier fluid, droplets can
be reproducibly generated with each droplet acting as a microre-
actor.1 The aqueous solutions are localized within droplets and
separated by the carrier fluid, leading to rapid mixing and no
reagent dispersion. By inducing a winding part into microchannels,
mixing inside droplets is enhanced by chaotic advection, which
can be as fast as few milliseconds.2 With these particular features,
droplet microfluidics have been exploited to demonstrate a variety
of chemical and biological processes1 such as chemical synthesis,3-6
protein crytallizations,7-9 nanoparticle synthesis,10,11 biological
assays,12 and cell studies.13,14 Furthermore, droplet microfluidics
have also been demonstrated for performing rapid kinetic mea-
surements,15 which are important in understanding chemical/
biological reactivities especially for protein folding 16,17 and enzyme
activities.18-20 Due to high droplet generation frequencies, which
can be up to kilohertz, online droplet detection is one of the most
challenging in terms of extracting the huge amounts of information
produced from this system. Recently, confocal spectroscopy was
introduced as a highly efficient detection method within microf-
luidic droplets due to its sensitivity and speed.21 To this end, we
present a droplet microfluidics integrated with a confocal fluo-
rescence detection system to perform rapid kinetic measurements.
Reaction kinetics from each droplet can be accurately and
precisely monitored and extracted in real time. Previously, we have
demonstrated an application of this system by performing a high-
throughput DNA binding assay. 21 In this article, binding kinetics
of streptavidin and biotin system was studied using fluorescence
resonance energy transfer (FRET).
Typical approaches used to perform kinetic measurements are
stopped flow22 and hydrodynamic focusing.23 Unfortunately,
stopped flow measurements require large sample volumes making
this unsuitable for studying kinetics of biological samples pro-
duced in small quantities. With this is mind, microfluidic ap-
proaches using hydrodynamic focusing are widely used to study
kinetics due to rapid mixing and low sample consumption.
However, in order to obtain rapid mixing using this approach,
high sheath flow rates are typically used. Consequently, one of
the solutions needs to be used in excess to obtain rapid mixing.
Therefore, hydrodynamic focusing is not suitable for kinetic
measurements requiring concentrations variation of both reagents.
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Although mixing inside droplets is not as fast as hydrodynamic
focusing, kinetic measurements using droplet microfluidics have
shown some advantages in terms of reaction time scales, low
sample consumption due to small droplet volumes (10-9-10-12
L), and no reagent dispersion, which allows reaction times to be
calculated at any distance. Thus, reactions can be precisely and
accurately controlled and monitored at desired time scales. For
this reason, droplet microfluidics is an alternative and promising
technique to study kinetics. An elegant example was initially
demonstrated by Song et al.15 Using submicroliter volumes of
solution, rapid single-turnover kinetics of ribonuclease A (RNase
A) was measured with better than millisecond resolution. The
kinetic measurements were performed by monitoring fluorescence
intensity arising from the cleavage of a fluorogenic substrate by
RNase A. Fluorescence images were taken using a CCD camera
at different time points. The images were then analyzed using
image software to build intensity profiles to extract kinetic data.
Although kinetic information can be extracted by analyzing
fluorescence images from a CCD camera, this method mainly
relies on selected areas of interest and uniform illumination of
the light source. In addition, a high-speed CCD camera is not fast
enough to sensitively interrogate each droplet to obtain kinetic
data. Hence, a highly efficient detection system, which can monitor
reaction kinetics in real time, is key.
Typically, determination of the biding rate constant for biologi-
cal molecules is more difficult than that of the dissociation rate
constant as most biological molecules exhibit binding interactions
much faster than dissociation processes, especially streptavidin-
biotin binding demonstrating a high binding constant of ∼1015
M-1.24-27 Accordingly, it is more practical to carry out experi-
ments to measure the dissociation rate constant. However, due
to rapid mixing, the droplet system can be suitably implemented
to determine binding kinetics as is demonstrated in this article.
EXPERIMENTAL SECTION
Device Fabrication. Figure 1a shows an image of a PDMS
microfluidic device, having 50.0-µm-wide, 50.0-µm-deep, and ∼44.0-
cm-long channels. Fabrication of these devices was performed as
described previously.21 A winding part of the primary microchan-
nel was integrated in order to induce rapid mixing due to chaotic
advection within each droplet, which allows for kinetic measure-
ments in millisecond time scales.
Detection System. The completed microfluidic device was
placed onto a controllable stage (ProScan II, Prior Scientific) of
(24) Piran, U.; Riordan, W. J. J. Immunol.l Methods 1990, 133, 141–143.
(25) Bayer, E. A.; Wilchek, M. Methods Enzymol. 1990, 184, 49–51.
(26) Chilkoti, A.; Stayton, P. S. J. Am. Chem. Soc. 1995, 117, 10622–10628.
(27) Livnah, O.; Bayer, E. A.; Wilchek, M.; Sussman, J. L. Proc. Natl. Acad. Sci.
U. S. A. 1993, 90, 5076–5080.
Figure 1. (a) Image of the microfluidic device. The 50-µm-square cross-section microchannel network consists of 4 inlets and 1 outlet. (b) A
schematic of the microfluidic device setup for FRET kinetic experiments. The AF 488 conjugated streptavidin solution is flowing into a left inlet,
while AF 647 and biotin-labeled DNA solution is pumping through the right inlet. The binding buffer is delivered into the middle inlet. (c) Schematic
of the FRET process. The acceptor is linked to the donor via the streptavidin-biotin linkage, resulting in FRET. (d) A schematic of the optical
fluorescence detection system used (APD ) avalanche photodiode detector; BE ) beam expander; DC ) dichroic mirror; EM ) emission filter;
I ) iris; L ) lens; M ) mirror; and PH ) pinhole).
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an Olympus IX71 microscope appropriately aligned with a custom-
built confocal spectrometer (Figure 1d). The confocal setup
consists of a 488-nm diode laser (Coherent UK Ltd.). The laser
beam was aligned into the microscope body using beam steering
optics. A filter wheel was installed to attenuate the laser beam,
after which the light was expanded by a beam expander (Thor-
labs) to entirely fill the back aperture of a 60× water immersion
microscope objective (Olympus). A dichroic mirror (z488rdc,
Chroma Technology Corp.) is used to reflect the 488-nm laser
beam into the objective lens. This brings the laser light to a tight
focus within the microfluidic channels. Fluorescence emission is
collected with the same objective and transmitted through the
same dichroic mirror. An emission filter (z488lp; Chroma Tech-
nology Corp.) removes any residual excitation light, and a plano-
convex lens (+50.2F; Newport Ltd.) focuses the fluorescence onto
a 75-µm precision pinhole (Melles Griot) positioned in the focal
plane of the microscope objective. Another dichroic mirror
(630dcxr, Chroma Technology Corp.) is then used to split the
fluorescent signal onto two avalanche photodiodes (AQR-141,
EG&G, Perkin-Elmer). Fluorescence reflected by the dichroic
mirror is further filtered by an emission filter (hq540/80m,
Chroma Technology Corp.) and focused by a plano-convex lens
(f ) 30.0, i.d. 25.4 mm, Thorlabs) onto the first avalanche
photodiode (green detector). Fluorescence passing through the
dichroic mirror is filtered by an emission filter (hq640lp, Chroma
Technology Corp.) and then focused by another plano-covex lens
onto the second avalanche photodiode (red detector). Dual color
detection was implemented for FRET-based experiments where
the donor and acceptor fluorophores are recorded in distinct
detection channels. Both detectors are coupled to a multifunction
DAQ device for data logging (PCI 6602, National Instruments)
and have submicrosecond time resolution per channel.
Sample Preparation and Operation. The FRET system used
for kinetic measurements was the same as in the previous work.21
Briefly, the donor was Alexa Fluor 488 conjugated streptavidin
(St-AF 488) and the acceptor was Alexa Fluor 647 (AF 647)
internally labeled on one DNA strand, which the complementary
strand was modified with biotin. Consequently, hybridized DNA
consisted of AF 647 on one strand and biotin on the complemen-
tary strand.
Precision syringe pumps (PHD 2000, Harvard Apparatus) were
used to deliver reagent solutions. All aqueous solutions were
pumped into the microfluidic channels using 250-µL gastight
syringes (SGE Europe Ltd.), whereas a 2.5-mL gastight syringe
was used to deliver the continuous oil phase consisting of a 10:1
(v/v) mixture of perfluorodecalin and 1H,1H,2H,2H-perfluorooc-
tanol. All liquids were filtered using 0.2-µm syringe filters (Pall
Corp.) before use.
RESULTS AND DISCUSSION
Streptavidin-Biotin Binding.Microdroplets were formed using
flow rates of 1.5 µL min-1 for both the aqueous (total of 3 inlets)
and oil phases. The St-AF 488 and AF 647 and biotin-labeled
hybridized DNA solutions were pumped separately through the
aqueous inlets. A pH 8.0 binding buffer, consisting of 100 mM
Tris-HCl, 10 mM NaCl, and 3 mM MgCl2, was delivered into the
middle aqueous inlet in order to prevent the reagents from coming
into contact prior to droplet formation and to allow for on-chip
dilution. Thus, mixing and binding of streptavidin and DNA only
occurs inside the formed droplet. A schematic setup of this
experiment is depicted in Figure 1b. Upon binding of biotin to
streptavidin, FRET is observed due to the close proximity of both
the acceptor and donor fluorophores.
The binding kinetic measurements were performed by fixing
the donor-labeled streptavidin concentration and varying the
acceptor-labeled DNA concentration. This was achieved by keep-
ing the flow rate of 110 nM donor-labeled streptavidin constant
at 0.3 µL min-1, resulting in a concentration of 22.0 nM, while
varying the flow rates of 100 nM biotin and acceptor-labeled DNA.
The DNA flow rates were changed from 0.3 to 0.9 µL min-1 (using
a step of 0.1 µL min-1), giving a concentration range from 20.0 to
60.0 nM. Consequently, concentration ratios (CRs), defined as the
ratio of DNA concentration to streptavidin concentration, were
changed from 0.91 to 2.73. Accordingly, the flow rate of the
binding buffer at the middle inlet was adjusted to maintain a total
aqueous flow rate of 1.50 µL min-1. The experimental conditions
are expressed in Table 1.
Since AF 488 emits green fluorescence with a peak maxi-
mum at 519 nm, upon binding of streptavidin to biotin, some
energy is transferred to AF 647. Red fluorescence, detected
by the red detector, at wavelengths between 650 and 710 nm
was obtained from AF 647 emission only as a result of FRET.
This FRET process was shown in Figure 1c. Thus, two
fluorescence signals (from AF 488 and AF 647) from each
droplet were detected simultaneously using separate APD
detectors and recorded for 60 s using 50-µs bin times. The
fluorescence intensity of both the acceptor and donor, moni-
tored at different points down the length of the channel, was
used to extract binding kinetics.
Panels a and b in Figure 2 show burst height and area
distributions of red fluorescence (FRET) signals for the first
few detection points. Both are perfectly modeled by Gaussian
distributions and clearly show an increase in signal as the
droplet moves further down the channel. This is due to the
progressive binding between streptavidin and biotin, causing
more linkages between the FRET donor and acceptor. Hence,
the energy transferred between the two was greater and the
signal increased.
The binding kinetics could be extracted by plotting FRET
efficiency as a function of time, which is presented in Figure
3a. The FRET efficiencies from different time points were
calculated using
Table 1. Experimental Conditions for the FRET Kinetic
Mesurements
flow rate (µL min-1) concentration (nM) CR
streptavidin DNA buffer streptavidin DNA
0.3 0.3 0.9 22.0 20.0 0.91
0.3 0.4 0.8 22.0 26.7 1.21
0.3 0.5 0.7 22.0 33.3 1.52
0.3 0.6 0.6 22.0 40.0 1.82
0.3 0.7 0.5 22.0 46.7 2.12
0.3 0.8 0.4 22.0 53.3 2.42
0.3 0.9 0.3 22.0 60.0 2.73
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EFRET)
IA
IA+ ID
(1)
where ID and IA are the fluorescence intensities of the donor and
acceptor, respectively.21
As the detection probe volume, set at a channel depth of 25
µm, was positioned at points down the length of the channel, the
FRET efficiency increased rapidly at the beginning of the curves
(for the first 5 s) and remained stable after ∼10 s. Comparison of
data measured at different concentration ratios demonstrates that
using a higher binding ratio resulted in a shift toward higher FRET
efficiencies due to the increased number of the acceptors linked
to the donors. In addition, at the low concentration ratios
(0.91-1.52), increasing the concentration ratio showed significant
changes in FRET efficiency. However, only a slight increase in
the efficiency was observed at concentration ratios from 1.82 to
2.73, due to the limitation of biotin binding sites on the strepta-
vidin. The highest FRET efficiency of ∼0.70 was obtained from
the concentration ratio of 2.73.
In addition, the binding kinetics was also determined from a
plot of FRET efficiency against the concentration ratio at different
time points. This plot, shown in Figure 3b, demonstrates kinetic
behavior for each binding ratio when the reaction moved down-
stream. As seen from the graphs at a single concentration ratio,
the FRET efficiency rose sharply for the first 5 s, indicating fast
kinetics. Afterward, the FRET efficiency increased slowly and
remained stable. A similar trend of the FRET efficiency at every
concentration ratio was obtained when the reaction was monitored
after 10 s. These confirm fast binding kinetics between streptavidin
and biotin and also imply that the complete binding of our analytes
occurs in a 10 s time frame. All curves reach a plateau at a
concentration ratio of ∼2.0, which corresponds well to the binding
ratio previously obtained by our group.21
Binding Rate Constant. Normally, a simple interaction of two
biomolecules can be described using the following model:28
S+ L y\z
k1
k-1
SL (2)
Here S and L symbolize two biomolecules. k1 and k-1 are the
binding and dissociation rate constants, respectively. The binding
rate can be determined from the formation of SL over time. Ideally,
this binding interaction should be described by a monoexponential
growth equation or the integrated rate equation of the pseudo-
first-order reaction:28
SLt) SLmax(1- e
-kobst) (3)
In this equation, SLt is the amount of product at a time point,
SLmax is the maximum amount (the plateau value) and kobs is an
observed rate constant for each condition. The kobs, a concentra-
tion-dependent value; is related to k1 from the following expression:
kobs) k1[L]+ k-1 (4)
To extract k1, the values of kobs are plotted against varied
concentrations of L. According to eq 4, this plot gives a linear
relationship, with the slope equals to k1 and the y-intercept
represents k-1 (the dissociation rate constant).
Figure 2. Burst height (a) and burst area (b) distributions of red
fluorescence (FRET) signals from the first few data points. The
first point was monitored at 0.41 s after droplet formation. The
second and third points are 0.93 and 1.19 s, respectively.
Figure 3. (a) Binding kinetic plots illustrating the FRET efficiency
as a function of time when fixing streptavidin concentration at 22.0
nM. The binding kinetics monitored at different time points was
investigated using the concentration ratios ranging from 0.91 to 2.73.
Data was fitted using a biexponential model. (b) Plots of FRET
efficiency against the concentration ratio at different time points.
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However, in many cases including our case, kinetic behaviors
of two-biomolecule binding cannot be well explained using the
monoexponential expression (eq 3), but rather can more ac-
curately be described by a biexponential model:29,30
SLt)A1[1- e
(-kobs1t)]+A2[1- e
(-kobs2t)] (5)
where kobs1 and kobs2 are observed binding rate constants of each
process. A1 and A2 represent the amplitudes of the each process.
This model, expressing a biphasic interaction, indicates an
unusual bimolecular interaction in which at least two processes
are involved. The biphasic dissociation or association can occur
due to heterogeneity of analytes or multiple binding sites causing
different affinities.31
For streptavidin and biotin interaction, the reaction was
categorized as biphasic due to multiple biotin binding sites on a
streptavidin molecule.32,33 Hence, to extract the binding rate
constant of our streptavidin and biotin system, all kinetic data in
Figure 3a was fit by nonlinear regression using eq 5, in which SL
is the FRET efficiency for our experiments. As seen from Figure
3a, this model provides perfect fitting for every concentration ratio.
Observed rate constants (kobs1 and kobs2) for each condition were
obtained from the fitting. To extract the binding rate constants
(k1 and k2), the kobs1 and kobs2 values were plot separately against
the concentration of DNA, as shown in Figure 4, using eq 4. Both
graphs show linear trends with R2 values of 0.9847 and 0.9456 for
kobs1 and kobs2 plots, respectively. The slopes obtained from these
plots are equal to 4.5 × 107 and 3.0 × 106 M-1 s-1, which are k1
and k2, respectively. It can be seen that k2, representing binding
kinetics of the second process, was found to be lower than k1 of
the first process. This could be due to steric hindrance from the
first biotin binding because our biotin molecule was attached to
double stranded DNA.
Buranda et al. found the binding rate constant of ∼107 for biotin
binding to the first binding site of a streptavidin molecule.33 They
noticed that the binding rate for the second biotin molecule was
decreased due to steric hindrance. In addition, the association
rate constant of 7 × 107 M-1 s-1 was reported for biotin and avidin,
in which the binding is stronger than that of biotin and strepta-
vidin.25 Due to a relatively slow process, therefore, there were
some papers investigating the dissociation rate constant between
streptavidin and biotin. The dissociation rate constant of 2.4 × 10-6
s-1 was reported for underivertized streptavidin, which was 30-
fold higher than that observed from avidin (7.5 × 10-8 s-1).24 From
previous results, the binding rate constants are slightly different,
depending on streptavidin and biotin systems and conditions
applied to the binding. Therefore, it is possible that the rate
constant for streptavidin and biotin binding could be varied by 1
order of magnitude.25 Hence, the binding rate constants of 3.0 ×
106 and 4.5 × 107 M-1 s-1 obtained from our streptavidin and
biotin system are in agreement with previous studies.
CONCLUSIONS
Droplet microfluidics integrated with a confocal fluorescence
detection system has been successfully used to perform online
kinetic measurements with millisecond time scales. The binding
rate constant of streptavidin and biotin of our particular system
was found to be in a range of 3.0 × 106-4.5 × 107 M-1 s-1. Using
the approach described, kinetic studies of more complex systems
such as high-throughput protein folding/unfolding will be possible.
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The exploitation of microdroplets produced within microﬂuidic environments has recently emerged
as a new and exciting technological platform for applications within the chemical and biological
sciences. Interest in microﬂuidic systems has been stimulated by a range of fundamental features
that accompany system miniaturization. Such features include the ability to process and handle
small volumes of ﬂuid, improved analytical performance when compared to macroscale analogues,
reduced instrumental footprints, low unit cost, facile integration of functional components and the
exploitation of atypical ﬂuid dynamics to control molecules in both time and space. Moreover,
microﬂuidic systems that generate and utilize a stream of sub-nanolitre droplets dispersed within an
immiscible continuous phase have the added advantage of allowing ultra-high throughput
experimentation and being able to mimic conditions similar to that of a single cell (in terms of
volume, pH, and salt concentration) thereby compartmentalizing biological and chemical reactions.
This review provides an overview of methods for generating, controlling and manipulating droplets.
Furthermore, we discuss key ﬁelds of use in which such systems may make a signiﬁcant impact, with
particular emphasis on novel applications in the biological and physical sciences.
1. Introduction
During the last two decades the concepts ofminiaturization have
been applied to the ﬁelds of biological and chemical analysis.
Of particular note has been the development and application
of microﬂuidic or lab-on-a-chip technology. In simple terms,
microﬂuidics describes the study and development of systems
which manipulate, process and control small volumes of ﬂuids
(typically on the picolitre to nanolitre scale). Development of
microﬂuidic technology has been stimulated by a range of
fundamental features that accompany system miniaturization.
These features include the ability to process and handle small
volumes of ﬂuid, enhanced analytical performance when com-
pared tomacroscale techniques, low unit cost, and perhapsmost
importantly the ability to access a large number of individual
experiments per unit time. In more recent times, the creation
of microﬂuidic systems that are able to efﬁciently, rapidly
and controllably generate sub-nanolitre droplets has deﬁned
a new experimental platform for performing a diverse range
of chemical and biological processes. Such systems have found
application in chemical1 and biochemical screening,2 protein
crystallisation3 and enzymatic kinetic assays,4 and will have a
signiﬁcant impact on other ﬁelds such as emulsion based bias-
free PCR,5 DNA sequencing,6 directed evolution of proteins7–9
and cell based binding and sorting assays.10–12
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At a fundamental level, the use of microdroplets to perform
chemistry and biology is appealing since an individual droplet
is ideally suited to compartmentalizing and isolating reactants.
A signiﬁcant challenge encountered in single-phase microﬂuidic
systems is being able to suppress dispersion of reacting volumes.
Under typical conditions, channel walls impart shear forces on
any contained ﬂuid, therefore, under hydrodynamic pressure a
parabolic velocity proﬁle is established over the cross-section
with ﬂuid velocity zero at the channel walls and maximum
at the channel centre (Fig. 1a).13 The primary implication of
such behavior is that a reaction mixture sampled after mixing
is formed from an ensemble of volume elements that have spent
varying times on-chip. This generates a residence-time distribu-
tion that can cause signiﬁcant variation in the yield, efﬁciency
and product distribution of a given reaction.14 Accordingly,
localization of reagents within discrete droplets is an effective
way of eliminating this phenomenon and allowing precise
deﬁnition of reaction or incubation times in a microbioreactor
(Fig. 1b). This precision combinedwith high droplet throughput
and well-deﬁned droplet size renders microdroplet technology
an ideal platform for a range of ‘-omics’ approaches where a
quantitative readout of a particular process, generated in a rapid
and reproducible fashion, is crucial for the ultimate success of
an experiment. This is most obvious in the biomedical sciences,
where the enormous diversity of genes, proteins and synthetic
molecules has impacted new areas such as combinatorial
chemistry, proteomics, genomics, and more recently, systems
biology, but it is also relevant for more traditional areas such as
compound screening in pharmaceutical research. In all these
areas, the assay and analysis of large molecular ensembles
is key, but the discovery of comprehensive relationships in
multidimensional chemical and biological descriptor spaces is
limited by the quality and the throughput of the combinatorial
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Fig. 1 (a) Comparison of a reaction between two inputs in a pressure driven microﬂuidic device for a single-phase system (top) and for a droplet-
based system (bottom). In a standard microﬂuidic device the Taylor–Aris dispersion inhibits the distance to time conversion of each reaction, whilst
in a microdroplet device the distance (d) a microdroplet traveled is related to the reaction time (t) using the linear ﬂow velocity (U).2 (b) Measuring
millisecond kinetics with microﬂuidic droplets. By using a T-junction and a three inlet system it is possible to measure the increase of a ﬂuorescent
product or enzyme. As the droplets travel along the channel, the reaction residence-time increases. This relation is expressed with Dtn. With the use of
a multiple aqueous inlet system it is possible to vary the concentration of substrate and enzyme leading to the measurement of several concentrations
on-chip. The lower image shows a false-colour measurement taken with a CCD camera.4 Part (a) reproduced with permission from ref. 2. Copyright
Wiley-VCH Verlag GmbH and Co. KGaA. Part (b) reproduced with permission from ref. 4. Copyright 2003 American Chemical Society.
experiments. The bottleneck in all high-throughput screening
technologies is compartmentalization. Utilization of droplets
essentially solves this problem making it conceivable that
sample sizes on the order of 108 or above can be interro-
gated in this format. Microdroplets generated in a rapid and
reproducible fashion provide a platform for high-throughput
screening.9,15,16
In theproceeding sectionsweprovide anoverviewof bothbulk
and microﬂuidic approaches for generating droplets. The scope
of the review also includes an assessment of droplet control and
manipulation mechanisms within microﬂuidic systems. We also
brieﬂy review some of the various applications of microdroplets
in the ﬁelds of biology, drug discovery and chemistry, whilst
providing a critical opinion about how such technologiesmay (or
may not) be implemented in standard laboratory environments.
Formore extensive details on other facets of microdroplet-based
systems the reader is referred to a number of excellent review
articles published elsewhere.8,17–22
In the early 1980s Batchelder demonstrated that water
droplets can be manipulated within a narrow gap ﬁlled with
insulating ﬂuid and ﬂanked by planar electrodes. This study
laid the foundation for the ﬁeld commonly referred to as
digital microﬂuidics.23 Although microdroplet ﬂows driven by
surface and interfacial tension gradients have been studied
over the last century,24,25 it is only within the last few years
that the microﬂuidics community has renewed its interest in
microdroplets and their applications in chemistry and biology.
Although of high interest and importance, the ﬁeld of digital
microﬂuidics is not addressed in detail within the current review,
and the reader is directed to an excellent recent review on
this subject.26 Accordingly, herein, microdroplets will refer to
droplets with typical length scales in the micron regime and
volumes less than one nanolitre.
2. Droplet generation and control
2.1 Generation of droplets
2.1.1 The pipette. If a high-school student was asked to
make a microdroplet he or she would probably go into the
laboratory, pick up a glass pipette and form many droplets
on the table simply by squeezing ﬂuid out of the tip. This
method of generating a microdroplet is at the heart of the
micropipette concept which has become an invaluable research
tool for delivering tiny droplets onto surfaces or cells (Fig. 2).27–29
A similar approach has recently been used by Jones and co-
workers to generate picolitre scale droplets using a piezoelectric
ejector. Microlitre volumes of water, deposited from such a
device onto a polyimide layer covering coplanar electrodes could
Fig. 2 Schematic of a nanopipette based dispensing technique. A
nanopipette (ﬁlled with 100 nM solution of DNA or protein) can
dispense low volume droplets onto a surface. To do so a voltage between
two Ag/AgCl electrodes, one attached to the interior or the pipette, the
other to the liquid solution. The droplet size can be ﬁne tuned by varying
the ionic current. 146 Reprinted from ref. 29 with permission of Elsevier.
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be manipulated, transported and subdivided into droplets as
small as ∼7 nL by applying a voltage to the tip.30
Although such approaches for generating microdroplets are
successful in their aims, two key disadvantages exist with
reference to their use in chemical and biological analysis.
First, droplet transport and manipulation occurs in an open
atmosphere leading to rapid evaporation of the liquid sample.
Second, the ability to generate and control multiple droplets
in an independent fashion is labour intensive and requires
complex control architecture.31 To address both issues, the most
commonly used approach for creating droplets involves the use
of a secondary oil phase.
2.1.2 Bulk microdroplet generation. An excellent example
of bulk microdroplet generation is the entrapment of molecular
species during the formation of reverse micelles.32 In a different
fashion Grifﬁths and Tawﬁk have developed straightforward
protocols to generate femtolitre droplets in bulk oil solutions,
negating the use of complicated machinery.8,9,33,34 The relatively
small droplets (with diameters in the lm range) can be likened
to bacteria, the basic unit of natural evolution.7,35 Most of
the applications introduced to date using this approach have
focused on performing in vitro compartmentalization (IVC)
as a means for directed evolution of proteins.36–38 Emulsions
on a bulk scale are simple to produce, and can be made
highly stable using a variety of oil–surfactant combinations.
Indeed, several publications highlight the necessity to control
oil–surfactant composition for the efﬁcient emulsiﬁcation of
speciﬁc proteins.7,15,33,34,36,39–43 Such tailoringminimizes unwanted
interactions at the droplet interface that might compromise the
activity of the biological cargo and prevents loss of substrate or
other small molecules due to diffusion into the oil phase. Using
this approach, aqueous solutions containing a gene library
could be emulsiﬁed with a homogenizer in an oil–surfactant
mixture within a matter of minutes to produce a water-in-
oil (w/o) emulsion containing in excess of 1010 droplets per
mL. The large excess of droplets over DNA molecules ensures
that each microdroplet contains on an average one gene per
droplet; providing statistical monoclonality. With a different
methodology unilamellar phospholipid vesicles containing a
cell-free expression system have been fabricated.44 Moreover,
liposome compartments with femtolitre volumes have been
formed and utilized in biological applications.45,46
A signiﬁcant problem encountered when forming droplets via
bulk methods is the large distribution of microdroplet sizes that
typically result. For example, Tawﬁk and co-workers have re-
ported large size distributions (upwards of 100%) when forming
aqueous microdroplets in oil with a mean diameter of 2.6 lm.7
This high level of size polydispersity can be minimized by using
a homogenizer and higher stirring frequencies, but is generally
difﬁcult to control.47,48 Moreover, the high stirring frequencies
required result in large shear forces which will often signiﬁcantly
reduce enzymatic activity.33 To modify the content of droplets
after initial emulsiﬁcation an organic solvent containing the
desired compound can be added to the emulsion followed by
vortexing. This method has been successfully demonstrated in
the delivery of salts and substrates to pre-formed droplets.34,47,48
The analysis of the contents of each microdroplet is possible
via ﬂuorescence activated cell sorting (FACS) if the analyte
is ﬂuorescent. As it is impossible to use conventional FACS
instruments with a liquid phase of high viscosity (such as oil),
re-emulsiﬁcation of a w/o emulsion is required, generating a
water-in-oil-in-water (w/o/w) double emulsion.15 These double
emulsions are complex, soft colloidal systems in which droplets
of the dispersed phase themselves contain even smaller droplets.
Such systems can be thermodynamically stabilized by a set
of lipophilic and hydrophilic surfactants dissolved in the in-
termediate and external phases, respectively.33,49 W/o/w com-
partments have been used as artiﬁcial cell-like compartments,
and are thus of use in many applications in directed evolution,
proteomics, genomics, metabolomics and systems biology.50–54
However, when using bulk-generated microdroplets in complex
biological assays the large degree of polydispersity associated
withmicrodroplet sizemakes the quantitative analysis of droplet
contents (i.e. substrate, reagent and product concentration)
difﬁcult or impossible.15,33 Moreover, since droplets formed via
bulk methods are not ordered in time or space, reactions within
individual droplets can only be probed by one endpoint. If large
sample sizes (>108) are to be analyzed, the time required for
analysis is on the timescale of hours, so this one endpoint will
correspond to a range of time periods passed since the start
of the experiment. For a more quantitative assessment of a
process in a droplet, the start and end times of an experiment
must be rigorously controlled, and for a kinetic analysis more
than one time-point is required.18 Many of these inadequacies
could be remedied by the ability to generate, control and
handle microdroplets in microﬂuidic devices. This deﬁnes the
integration of in vitro compartmentalization with microﬂuidic
technology as a major experimental challenge.
2.1.3 Microﬂuidic droplet generation. In recent years, mi-
croﬂuidic systems have been successfully used to generate multi-
phase ﬂuids in a variety of formats. Although microdroplets
may be formed in microchannels under static conditions,55
the adoption of continuous ﬂow or pseudo continuous ﬂow
microﬂuidic formats has been shown to provide the most
versatile route to high-throughput droplet generation.56,57
The generation of microdroplets within microﬂuidic chan-
nels can be initiated through the use of electric ﬁelds,58–60
micro-injectors61 and needles.62 However, of particular note
are microﬂuidic systems that exploit ﬂow instabilities between
immiscible ﬂuids to generate suspended droplets. Put simply,
droplets can spontaneously form when laminar streams of
aqueous reagents are injected into an immiscible carrier ﬂuid.
The two most common methods for generating droplets in
this way are through the use of T-junctions2,27,63–73 and ﬂow
focusing geometries.51,68,74–77 Within a T-junction device droplets
are formed by injecting an aqueous phase perpendicularly into
a continuous oil phase.65,78 Here, microdroplet formation results
from induced shear forces within the two phase system.68,79,80
Flow focusing geometries involve a slightly different conﬁg-
uration, in which a liquid ﬂows in a central channel and a
second immiscible liquid ﬂows in two outside channels. The
two liquid phases are then impelled to ﬂow through a small
oriﬁce that is located downstream of the three channels. The
outer ﬂuid applies pressure and viscous stresses that drive the
inner ﬂuid into a narrow strand, which then breaks inside or
downstream of the oriﬁce (at a position deﬁned by the capillary
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number) to form a small droplet.74,81,82 An example of such a
ﬂow focusing conﬁguration is shown in Fig. 3. It should also be
noted that microﬂuidic axisymmetric ﬂow focusing geometries
allow generation of droplets with reduced dimensions and size
dispersions. Such an approach conﬁnes droplets to the central
axis of a microchannel and shields them from shear forces and
potential wetting upon contact with the channel walls.
Fig. 3 Apressure driven ﬂow focusing device (FFD)with three aqueous
inlets. For better visualization the middle channel delivers colorless
phosphate-buffered saline (PBS) only, while other channels contain
black and green food dye (10% v/v). As demonstrated here the three
aqueous streams do not mix after contact. This phenomenon is known
for low Reynolds (Re) number ﬂow regimes. Images (a) to (e) shows the
procedure for microdroplet formation in more detail. The further the
aqueous slug is moved away from the ﬂow focusing point, the more the
oil presses against the microdroplet surface until the Rayleigh-Plateau
has been overcome and droplets are formed. (f) Shows an overview of a
standard FFD device, including a geometric ‘wiggle’ for fast mixing and
loops for increased incubation times. (g) Provides a description of ﬂow
lines and liquid input channels. Huebner et al. (unpublished results).
Images were recorded with a Phantom V7.2 camera.
A key advantage of using microﬂuidic systems to generate
w/o, o/w and w/o/w emulsions is the ability to signiﬁcantly
reduce droplet size distributions when compared to bulk
methods.51,63,65,74,79,83–87 For example, typical microﬂuidic droplet
generators are able to maintain a polydispersity signiﬁcantly
below 3% (measured by diameter), whilst sustaining droplet
generation rates in excess of 1 kHz.79,88 Above this rate droplet
production can be parallelized to increase the throughput for
industrial purposes. Moreover, cross-contamination between
adjacent microdroplets can be essentially eliminated using a
separation plug of air or oil between each.86,87,89
In broad terms, the properties of droplets produced within
microﬂuidic systems can be controlled by precise variation of
volumetric ﬂow rates, ﬂuid viscosities, channel design and the
interfacial tension. For example, the interfacial tension can be
tuned with the proper choice of oil and surfactant added to
the system.69 The addition of a surfactant is used to control
interfacial tension and thus can be used to prevent coalescence of
metastable droplets.69 Furthermore, sincemicrodroplet diameter
varies as a function of interfacial tension, droplet size can be
decreased by increasing the surfactant concentration within
the system.63,83,90,91 A signiﬁcant feature of microﬂuidic droplet
generators is the ability to vary the composition of the dispersed
phase by utilizing multiple aqueous inlets that combine under
laminar ﬂow conditions prior to the droplet formation point.
This means that each droplet produced may have a unique
composition. This feature provides a direct route towards ultra-
fast reaction screening by simply varying the ﬂow rate ratios of
all input streams.3
2.2 Microﬂuidic control and manipulation of droplets
Microﬂuidic systems typically operate within low Re number
regimes.92 Although this provides for an environment in which
ﬂuidic streams may mix in a controllable fashion, mixing
occurs only by diffusive transport rather than through the fast
convective processes that dominate in turbulent systems. This
can be problematic when processing reactive systems, as the
boundary between the two streams or reactants results in a
gradient of concentration perpendicular to the ﬂow direction.
Moreover, this results in some molecules reacting later (i.e.
those near the channel walls) than those at the boundary line.
This phenomenon is referred to as the Taylor–Aris dispersion.
Since fast mixing within microdroplets is achieved for the most
part by chaotic advection (Fig. 1a),4,93–95 or electrowetting,96
such detrimental properties are overcome, thus allowing precise
deﬁnition of reaction time within a conﬁned area of the droplet.
The droplets described so far provide a reaction space for
an analytical operation, where the reaction is allowed to take
place and the outcome is recorded. However, with a variety of
post-generation-modiﬁcations, such as the fusion and splitting
of microdroplets or the isolation of an individual microdroplet,
a multifunctional analytical device can be established. This
allows for the creation of an ensemble of microdroplet reactors
with individuals differing from each other in content (such as
pH or reagent concentration). Several groups have investigated
and solved many of these engineering tasks and these will be
described in the following sections.
The fusion of microdroplets can be achieved using a variety
of methods. These include harnessing the difference in the
ﬂow velocity of different sized microdroplets,2 the application
of localized electric ﬁelds, modiﬁcation of surface properties97
and the control of microdroplet velocities by variation of the
microchannel geometries.15,98,99,100 An elegant way to fuse micro-
droplets is through the implementation of electric forces.15,67,101,102
For example, microdroplets can be pre-charged on formation,
and made to fuse at a desired point of coalescence (Fig. 4).101
A particularly useful aspect of this approach is the synchro-
nization of the microdroplets, which makes the fusion event
highly reproducible. Another feature of microﬂuidic generation
and control of microdroplets is the ability to divide or split
them in a facile manner. Splitting of microdroplets can be
mediated by a number of mechanisms, including variations in
the channel geometry,2,91,103 variations in both geometry and
applied electrical ﬁeld (Fig. 4),101,104 pressure,105 temperature106 or
the localized application of electromagnetic radiation.68 Finally,
it should also be noted that after or between different stages
of microdroplet processing it is sometimes necessary to store
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Fig. 4 Coalescence and synchronization of droplets. (A) Describes the
overall layout of the microﬂuidic device. Two ﬂow focusing devices in
opposite direction to each other generate and pre-charge droplets. With
two inverted electric potentials (red and blue) the droplets are charged
negative and positive, respectively. The resulting droplets meet in the
middle of the device and fuse. (B) Describes the situation when no
electric ﬁeld is applied. Droplets ﬂow in an asynchronized fashion and
no coalescence occurs. (C) At a critical electric ﬁeld droplets ﬂow in
similar manner and fuse.101 Reproduced with permission from ref. 101.
Copyright Wiley-VCH Verlag GmbH and Co. KGaA.
microdroplets, for a period of up to several hours, to allow a
particular reaction to take place. To date, this problem has been
largely unexplored and needs signiﬁcant improvement since the
on-chip storage capability of slug-like compartments has been
shown to only last for several minutes.2
Enumerating all the various ways to control and manipulate
microdroplets emphasizes the complexity of droplet handling.
To realize the concept of a lab-on-a-chip, it is insufﬁcient to
demonstrate that droplets can simply be sorted or fused or even
produced in parallel. Instead, it must be shown that these events
can be integrated to work reliably over extended periods of time
and be able to handle a large number of molecular libraries.
Moreover, assays may include more complicated control. For
example, they may incorporate washing steps, incubation of
droplets (allowing cells or in vitro expression systems to produce
the protein of interest) and presentation to an analytical inter-
face. The construction of a device tomeet these requirementswill
require considerable engineering work. At present, more modest
devices represent steps in the right direction. For example, Link
and co-workers described a device that included two points of
droplet formation, followed by an electrofusion model, and a
mixing and delay line. This system was used to discriminate live
and dead Drosophila melanogaster cells. In many respects this is
still a simple device but represents an important stepping stone
towards accessing more complex experiments.107
3. Application of microﬂuidic droplet systems in
biology
Microdroplets produced in bulk media have been shown to be
powerful tools in the evolution of enzymes.7–9,34,48,53,108 However,
as previously discussed droplets generated in this way exhibit a
large degree of size (and volume) heterogeneity, and can only be
analyzed using endpoint measurement techniques. Tawﬁk and
Grifﬁths demonstrated the potential of usingdroplets to improve
the reactivity of several enzymes using such an approach.3,33,32
Furthermore, there is a clear potential to study in vitro evolu-
tion of proteins and RNAs, cell-free cloning and sequencing,
genetics, genomics and proteomics.8,50 Ismagilov et al. have
already demonstrated the power of droplet microﬂuidics in
measuring enzyme kinetics. Using such an approach, single-
turnover kinetics of the enzyme ribonuclease (RNase) on a
millisecond timescale were measured.4 As the droplets move
along the channel an increase in ﬂuorescence was observed.
Using several aqueous inlet channels, each supplying a different
substrate for the reaction, it was possible to alter the substrate
and enzyme concentration “online” through variation in ﬂow
rate ratios (Fig. 1b).4 Similarly, the enzymatic turnover by
alkaline phosphatase109 and the activity of luciferase within
droplets have been investigated.110
Most methods introduced to date have shown that the
general technique can measure the activity of an enzyme on the
millisecond scale, without making use of the full potential of the
compartmentalization approach, i.e. the most published kinetic
measurements report on an ensemble average of thousands of
droplets. For assays of libraries this approach would not be
suitable: no droplet will be identical, so each droplet must be
interrogated individually and subsequently sorted to implement
selection pressure. An elegant approach for recording data
to this end involves the implementation of an epiﬂuorescence
laser induced ﬂuorescence detection system, as ﬁrst reported by
Dittrich et al.111 and further extended by Courtois et al.112 In
these studies, two aqueous streams (one containing the DNA
template and the other containing components for the in vitro
translation/transcription (IVTT) of green ﬂuorescent protein
(GFP)) were merged. Emulsiﬁcation took place within the
PDMS device and the reaction cocktail was then incubated for
an extended period of time. Retrieval of thousands of droplets at
speciﬁc time-points is possible andwhen combinedwith sensitive
ﬂuorescence detection of the GFP ﬂuorophore protein concen-
trations can be extracted. These studies demonstrate integration
of two modules, droplet formation and incubation. Practically,
they provide the instrumental basis for in vitro protein evolution
experiments with proteins expressed in cell-free systems.111,112 It
should also be noted that careful choice of surfactant formula-
tion was necessary to provide the droplets with enough stability
to avoid exchange of their components, fusion, change of volume
and aggregation in the reservoir. The selection of an appropriate
surfactant is extremely important. Roach et al. demonstrated
that with proper choice of surfactant it is possible to decrease the
likelihood of protein localisation at the interface of the droplet
and allow uniform distribution throughout the whole droplet
(Fig. 5).109 For biochemical experiments this becomes crucial as
the active enzyme may lose activity due to constraints imposed
by the o/w interface. In future, a set-up that allows continuous
incubation and retrieval will be highly attractive, but will require
a more sophisticated device that can withstand high pressure
drops.
Microdroplets are also ideal vessels to encapsulate and
contain single or small numbers of biological cells.113 Systems
biologists have already suggested that microﬂuidic devices can
be powerful tools in the understanding of deﬁned networks
of cells.54 Indeed, cells can be co-compartmentalized within
microdroplets, and speciﬁc dynamics between cells or their
metabolites can be probed. Although encapsulation, cultivation
and single-cell enzymatic assays have already been successfully
conducted in various ways,105,108,114,115 the control of different
cell types and the study of the dynamics of deﬁned populations
remain to be demonstrated.
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Fig. 5 Demonstration of how surfactants may control and stabilize
proteins within aqueous microdroplets. (a) Protein adsorbs to the
polar head group droplets of the surfactant based on perﬂuorotetrade-
canoic acid (Rf-COOH), whilst in (b) a triethyleneglycol mono[1H,1H-
perﬂuorooctyl]ether (Rf-OEG) helps to stabilize the protein in its
compartment. Importantly, different surfactants must be used for
different proteins to ensure a biocompatible interface between the
aqueous and oil phases.109 Reprinted with permission from ref. 109.
Copyright 2005 American Chemical Society.
For example, the growth of cell colonies has been extended to a
single-cell enzymatic assay within a microdroplet. Using optical
trapping a single cell was moved to the interface of a T-junction
and encapsulated in a droplet.11 After encapsulation the cell
was photolyzed releasing b-galactosidase. This enzyme cleaved
the quenched ﬂuorogenic substrate within the microdroplet
media, leading to an increase of ﬂuorescence over time (Fig. 6).
To compartmentalize a cell in a well-deﬁned environment
other publications refer to alternative encapsulation methods,
such as an extraction method leading to cell viability of
several hours9 or to a photopolymerisation reaction that allowed
yeast cells to survive for two days.116 The beneﬁcial feature
of emulsifying cells is that after breaking the cell’s structure
within the compartmentalized environment the lysate does not
diffuse away, thus allowing further investigation of the products.
Other methods alter the integrity of the cells in droplets,
i.e. by lysing, electroporating or freezing.117 To analyze the
inﬂuence of thermoelectric manipulation of droplets on-chip
Sgro et al. froze mouse B lymphocytes in aqueous droplets and
performed a viability assay using trypan blue as the indicator
(Fig. 6).118
The prospect of well-deﬁned droplets as universal reaction
vessels is the basis for more rigorous quantiﬁcation of biological
experiments. Accordingly, technical and analytical aspects of
system operation will deﬁne the ultimate success of high-
throughput multiplexing. At the current time it is unclear
whether present systems have this potential, since typically
the analysis extends only to a series of pictures with droplets
containing a cell/protein for demonstration. For example, the
Fig. 6 6a A single droplet-based enzymatic assay. (A) A mast cell
was encapsulated in an aqueous microdroplet in soybean oil. The cell
contains the ﬂuorogenic substrate ﬂuorescein di-b-D-galactopyranoside
(FDG). (B) Because the intracellular enzyme a-galactosidase was phys-
ically separated from FDG by the cell membrane minimal ﬂuorescent
product within the microdroplet is visible prior to photolysis. (C, D)
After laser induced cell lysis (C), the b-galactosidase catalyzes the
formation of the product ﬂuorescein, leading to an increased ﬂuorescent
signal within the microdroplet (D). The scale bar in (A) applies to all
pictures.12 6b The behaviour of cells and droplets after freezing. (A and
B) Mouse B lymphocytes were encapsulated in droplets containing 50%
cell media and 50% phosphate-buffered saline (PBS) and trypan blue
to test cell viability. (A) Shows the cell alive and (B) dead. (C) The
microdroplet is thawed in silicone oil and (D) in mineral oil.118 Part
(a) reprinted with permission from ref. 12. Copyright 2005 American
Chemical Society. Part (b) reprinted with permission from ref. 118.
Copyright 2007 American Chemical Society.
rate of droplet formation and the rate of droplet analysis
must be synchronized to ensure that neither module becomes
the experimental bottleneck in limiting analytical throughput.
Recently, the integration of loading and quantitative analysis
has been successfully demonstrated in work by Huebner et al.11
In this study, single-cell compartmentalization was coupled to
efﬁcient laser induced ﬂuorescence detection to quantify the
amount of ﬂuorescent protein production within a cell. Such
an approach enabled analysis of in excess of 4 × 106 cells h−1
(Fig. 7). Similarly, Srisa-Art et al. have recently used confocal
spectroscopy and ﬂuorescence resonance energy transfer to
probe DNA binding kinetics within individual microdroplets
at high speed.119
PCR in conventional microﬂuidic systems120 takes advantage
of performance gains afforded through miniaturization and the
operational ﬂexibility inherent in the ﬂuidic design. However,
technical challenges remain, for example the reproducibility of
ampliﬁcation and adsorption of polymerase enzyme to channel
walls. Extension of PCR to DNA templates conﬁned in droplets
would lead to a further reduction in the consumptionof reagents,
shorter reaction times and more precise ampliﬁcation due to
reduced thermal masses.5,50 PCR has been conducted in bulk
emulsions in several ways. In emulsion PCR (emPCR), DNA
or RNA molecules are ampliﬁed18,39 with the amplicon either
diffusing freely or bound to beads inside the microdroplet
(BEAM-ing).42 The advantage of emPCR is entirely associated
with the concept of compartmentalization. Starting from a
single molecule all amplicons in a deﬁned droplet derive from
one original template, minimizing bias due to ampliﬁcation
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Fig. 7 Analysis of droplets containing a ﬂuorophore expressing E. coli
cell. With the use of a low ﬂuorescent aqueous medium the microdroplet
size and shape can be analyzed. Moreover, peaks with higher intensity
are encircled and display the amount of protein. With this method it
is possible to measure the cell load of each individual microdroplet.
(a) Exhibits the content of droplets using a low number of cells, whilst
(b) displays similar data for a high cell load. Control of cell loading is
achieved using a T-junction device with two aqueous inlets. One inlet
contains the cell suspension, the other only buffer and the ﬂuorescent
marker.11 Reproduced by permission of the Royal Society of Chemistry.
efﬁciency in bulk (whereas, some templates may overwhelm the
ﬁnal population of DNA).121,122 In this way, Chabert et al.122
have developed a fully automated PCR thermocycler that
incorporates real time detection of the labeled DNA product.
However, the droplets (1 lL) are several orders of magnitude
larger than those discussed herein (femto- to nanolitres). By
contrast Beer et al. use much smaller pL droplets that are
stopped on-chip by an off-chip valving system for PCR cycling
in discontinuous fashion.123,124 Other applications involving
nucleic acids, such as DNA hybridization and PCR in contin-
uous ﬂow slugs125 or isolated droplets126 have been published
recently.
4. Application of microﬂuidic droplet systems in
drug discovery and chemical synthesis
Screening for products from reactions between probable leads
and targets can be facilitated by encapsulating reagents in
small containers such as lipsomes.127 If the composition of each
container can be varied and controlled in a systematic and rapid
fashion, the use of emulsion droplets as basic tools in small-
molecule screening, target identiﬁcation, small-molecule library
generation, lead identiﬁcation and leadoptimization is apparent.
As has been discussed, the use of continuous ﬂow microﬂuidic
systems to form droplets is accompanied by the ability to
precisely control reagent composition. In other words, droplets
of a reproducible size may be generated at high speed and with
varying reagent composition. The ability ofmicroﬂuidic droplets
to ﬁne-tune reaction conditions ‘on-line’ is highly desirable when
performing complex processes such as protein crystallisation128
and molecular evolution.7
A number of small-molecule reactions have been performed
in liquid plugs within microﬂuidic systems. These include the
nitration of benzene129 and the halogenation of aromatics130 and
alkenes.131 Moreover, multi-step reactions such as the synthesis
of azo dyes have also been demonstrated.105
4.1 Chemical kinetics
Since rapidmixing of the contained ﬂuids is efﬁcient at creating a
homogeneous reaction environment, droplet-based microﬂuidic
systems are ideally suited for use in kinetic studies. For example,
Ismagilov and co-workers described the use of such a system
for measuring the rates of chemical reactions on a millisecond
timescale.132 Speciﬁcally, the binding rate of Ca2+ to Fluoro-
4 (a calcium sensitive dye which becomes strongly ﬂuorescent
when combined with Ca2+) was measured. Results showed that
the strong ﬂuorescence associated with the mixing of Ca2+ and
Fluoro-4 inside individual droplets was due to the formation of
Fluoro-4 : Ca2+.
4.2 Protein crystallisation
Protein crystallisation is important in enabling structure de-
termination by X-ray diffraction. Proteins may not be avail-
able in abundance and therefore a primary goal is to de-
vise a system which miniaturizes the current robotic set-
up for crystallisation utilising microtitre plates. Accordingly,
microdroplet-based systems provide a versatile platform for
use in protein crystallisation, as typical droplets have nanolitre
volumes.
Zheng et al. demonstrated that by using less than 4 nL of pro-
tein solution for each batch, thousands of protein crystallisation
conditions could be screened utilising aqueous nanolitre-size
droplets.133 The environment for protein crystallisation could be
varied by rapidly and continuously changing the ﬂow rates of
the input solutions. Microdroplet pairs created by generating
alternating droplets were used to index the composition of
the droplets.3 In other words, an initial microdroplet contains
reactants with a second microdroplet holding markers to index
the composition of the ﬁrstmicrodroplet. For long-term storage,
protein crystals inside droplets were transferred from PDMS
microchannels to glass capillaries, and X-ray diffraction applied
to obtain the diffraction pattern of the protein crystals.3,134 In
addition, the effect of mixing on the nucleation of protein crys-
tals was studied to elucidate the process of protein crystallisation
inside droplets.89,135,136
4.3 Synthesis of organic molecules
As microreactors, droplets have been utilised for organic
synthesis. Deacetylation of ouabain hexaacetate (Ac6–OUA)
was studied by exploiting aqueous droplets moving through a
performed cartridge.137 Easily swollen by many organic solvents,
PDMS devices are limited for solvent-based synthesis. Thus, a
thiolene-based resin was used to fabricate microﬂuidic devices
to perform organic synthetic reactions within organic-phase
droplets.131 The bromination of alkenes inside benzene droplets
was successfully demonstrated using this system. As another
example, a synthetic reaction network in the dropletswas studied
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using the oxidation of Co3+ by KH2PO4.94 The reaction was
ampliﬁedusing a two-stage networkmicroﬂuidic device resulting
in a 5000-fold ampliﬁcation.
4.4 Synthesis of nanoparticles
In recent years, a number of researchers have utilised the unique
features of microﬂuidic reactors to synthesize nanoparticles of
deﬁned size and anisotropy. Nanoparticles exhibit optical and
electronic properties that are dependent on their size and shape.
Such a dependency suggests that ‘bottom-up’ approaches for
nanomaterial synthesis should provide for exceptional control of
the physical dimensions of the desired product. Not surprisingly,
bottom-up approaches are appealing due to their versatility and
ease of use, but for many applications deviations about the
mean particle diameter must be <1% to achieve the desired
size purity. This is beyond the tolerance of most standard
macroscale syntheses, and it is almost always necessary to use
some form of post-treatment to extract the desired particle size.
Although, continuous ﬂow, single-phase microﬂuidic reactors
have been shown to directly generate high quality nanoparticles
of controllable size in short times, more recent studies have
tackled the issue of minimizing particle size distributions
through the development of segmented-ﬂow or microdroplet
reactors. For example, Shestopalov et al. demonstrated a two-
step chemical synthesis of colloidal CdS and CdS–CdSe core–
shell nanoparticles in a droplet-based microreactor.138 In addi-
tion, Chan et al. have reported the use of microdroplet reactors
for the high-temperature synthesis of CdSe nanoparticles,136
and Yen and colleagues have used gas–liquid segmented-ﬂow
reactors integratingmultiple temperature zones for the synthesis
of high quality CdSe quantum dots.139 More recently, the utility
of continuous ﬂow droplet reactors has been highlighted by
conducting CdS nanoparticle synthesis in a format in which
alternating droplets containing Cd2+ and S2− ions are fused
to form larger droplets containing CdS.99 In all of these
studies, enhanced mixing, minimal residence-time distribution
and the ability to control the addition of reagents have directly
facilitated enhancements in product yields and size distribu-
tions.
4.5 Bead/particle synthesis
The combination of rapid and reproduciblemicrodroplet forma-
tion and facile size control microdroplet systems provide a novel
route to preparing monodisperse polymer particles. Acrylic
monomer droplets were rapidly and reproducibly produced
using polyvinyl alcohol (PVA) aqueous solution as a continuous
phase.140 Subsequent polymerisation generated monodisperse
particles with a coefﬁcient of variation (CV) below 2%. High-
throughput polymerisation ofmonomeric droplets has also been
carried out to obtain polymer particles with various shapes
and morphologies.141 Moreover, microdroplet systems have
been applied for molecular imprinting. Uniform molecularly
imprinted polymer beads were successfully prepared in a spiral-
shaped microchannel using UV polymerisation, which provided
aCVbelow2% for particle diameters.142 Parameters affecting the
quality of polymer particles such as the polymerisation rate and
the geometry of the microﬂuidic device were studied to attain
the desired size and shape of the polymer particles.83
4.6 Droplets for microextraction
The extraction of butyl rhodamine B (BRB) by 1-hexanol has
been accomplished using a glass device speciﬁcally designed to
trap organic solvent droplets within microﬂuidic channels.143
The BRB solution, which continuously ﬂowed through the
channels, was extracted into the organic droplets by phase
transfer, after which microdroplet composition was analyzed
using LIF. Quantitative extraction using the microdroplet sys-
tem was also successfully performed to determine the amount
of aluminium in water.144 Aluminium was extracted with 2,2-
dihydroxyazobenzene as a metal chelate from a buffer solution
into tributyl phosphate droplets. Compared to the conventional
extraction method using a separation funnel, the microdroplet
extraction was almost two orders of magnitude faster. This
technique was applied to environmental analysis, and the results
were in agreement with the conventional method. Kralj et al.
have demonstrated liquid–liquid extraction in a microﬂuidic
device by generating emulsions with large interfacial areas for
mass transfer, and subsequently breaking these emulsions using
electric ﬁelds into easily separated plugs.145 The result was a
transition from disperse to slug ﬂow that can then readily be
separated by gravity. Extractions of phenol and p-nitrophenol
from an aqueous to hexane-surfactant solution served as model
systems. Furthermore, it was noted that extraction efﬁciency
is enhanced by reverse micelles resulting from the presence of
surfactants.
5. Conclusions and future trends
The studies described in this review clearly indicate that the use
of microdroplets as analytical tools in biology and chemistry is
an area of huge promise. The ability to reproducibly generate,
process and analyze isolated droplets of varying composition
and at high frequencies deﬁnes a colossal leap in technology
for large-scale biological experimentation. Even though such
droplet technologies are in their early years, their power is
convincing.
The continuing evolution of control architecture to allow
more complex intra- and inter-droplet processing, will almost
certainly provide the necessary impetus to accelerate micro-
droplet analysis systems above the mists of engineering to
become an indispensable tool in the biological and chemical
sciences. The concurrent development of digital microﬂuidic
platforms involving dielectrophoretic control provides a par-
allel platform towards the understanding of the fundamental
mechanisms inside droplets, and it is expected that the marriage
of these complementary approaches will enable the creation
of novel microﬂuidic systems for highly sensitive and high-
throughput chemical/biological assays. Recently, Huebner et al.
nicely demonstrated this principle by developing a quantitative
cell based enzyme assay within microdroplets.147
Considering these facts it is foreseeable that with some
engineering the use ofmicroﬂuidic dropletsmay lead to standard
bench top equipment, thus providing a valuable tool for a sea
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of applications ranging from simple biological assays to tissue
targeted drug delivery systems.
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Fluorescence Lifetime Imaging of Mixing Dynamics in Continuous-Flow Microdroplet Reactors
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Water-in-oil microdroplets within fluidic channels have the potential to serve as isolated reaction
compartments for monitoring real-time dynamics with high efficiency and repeatability. Droplets, usually
generated from aqueous and oil solutions using standard microfluidic formats, can be produced at
frequencies in excess of 1 kHz. Although mixing within such microdroplets is normally enhanced by
chaotic advection, the mixing pattern from droplet to droplet is almost identical and reproducible in form.
Herein, we demonstrate that fluorescence lifetime imaging can be used to reconstruct mixing patterns
within a droplet with a time resolution of 5 s.
DOI: 10.1103/PhysRevLett.101.014502 PACS numbers: 47.61.Ne, 83.50.Xa
In recent years, microfluidic systems have matured into
efficient instrumental formats for performing high-
throughput chemistry and biology [1,2]. Of particular cur-
rent interest are microfluidic systems which make use of
flow instabilities between immiscible fluids to generate
suspended droplets [1]. Put simply, droplets can be made
to spontaneously form when laminar streams of aqueous
reagents are injected into an immiscible carrier fluid.
Droplets are typically generated in continuous-flow sys-
tems using either the T-junction or flow-focusing methods
[3–8]. In the former, the continuous and disperse phases
are injected from orthogonal branches of a microfluidic
tee-junction. Droplets (the disperse phase) occur as a result
of shear forces and interfacial tension at the fluid-fluid
interface. In the latter, the continuous phase is introduced
via two flanking channels with the disperse phase being
injected through a central channel into a narrow orifice.
In conventional (single-phase) microfluidic systems,
fluid properties are predominantly controlled by viscous
rather than inertial forces, and flow is essentially laminar
[2]. This behavior has a significant consequence on mixing.
In its simplest manifestation, mixing occurs by uniting
pure fluid-component streams. Since the only route to
mixing is via diffusion across fluidic interfaces (due to
the absence of fast convective processes that dominate in
turbulent systems), mixing times can be long, and resi-
dence time distributions appreciable [9]. Accordingly,
there have been numerous reports describing new ap-
proaches to enhance microfluidic mixing [10–13]. Of par-
ticular note is the use of twisting channel geometries to
generate chaotic mixing within droplets by folding,
stretching, and reorienting fluid elements. Consequently,
mixing within droplets is rapid, and reagent transport
occurs with no dispersion. This innovation has enabled
droplet-based microfluidic systems to overcome the prob-
lems of slow mixing and dispersion [14–16]. Indeed, re-
cently droplet-based microfluidic systems have been used
to monitor reactions on the millisecond time scale [8,17].
In this Letter, we build on these developments and show
that fluorescence lifetime imaging (FLIM) can be used to
monitor mixing with a temporal resolution of approxi-
mately 5 microseconds. Specifically, FLIM can be used
to reconstruct mixing patterns within a droplet with a time
resolution of 5 s or 20 photons. A maximum likelihood
estimator approach, adapted from single molecule fluores-
cence lifetime studies, allows us to determine the fluores-
cence lifetime and build up of the two-dimensional map of
droplet mixing.
In the current microdroplet system, a 10:1 (v=v) mixture
of perfluorodecalin and 1H, 1H, 2H, 2H-perfluorooctanol
and aqueous solutions was continuously pumped through a
T-junction microfluidic device (Fig. 1) at a constant volu-
metric flow rate of 1:5 l min1, resulting in the total
volumetric flow rate of 3:0 l min1 (and linear fluid ve-
locity of 20:0 mm s1). The first aqueous inlet consisted of
a 20 M fluorescein 5-isothiocyanate (FITC) solution (in
pH 9:0 buffer) delivered at a flow rate of 0:75 l min1. A
10 M rhodamine 110 chloride (Rh 110) solution (in
pH 9:0 buffer) was pumped into the second aqueous inlet
at a flow rate of 0:75 l min1. Fluorescence lifetimes
were recorded at the first loop of the winding channel,
which is 259:7 m (or 13 ms) downstream of the droplet
forming region, and then moved along the winding part.
The detection probe volume was positioned at half the
depth of the main channel (25 m) in the vertical dimen-
sion, and scanned (in 1 dimension) at 1 m intervals
FIG. 1 (color online). (a) Schematic of the microfluidic device.
The 50 m square cross section microchannel network consists
of 3 inlets and 1 outlet. (b) An example image of droplets
generated. An arrow shows the scanning direction.
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across the 50 m wide channel to allow reconstruction of
the mixing pattern for a single droplet. Fluorescein
5-isothiocyanate and rhodamine 110 chloride, were used
for droplet-lifetime measurements, since they possess sig-
nificantly different lifetimes (FITC has a lifetime of 4.1 ns
at pH 9 while Rh 110 has a lifetime of 2.9 ns at the same
pH).
Fluorescence was recorded with a time-resolved scan-
ning confocal spectrometer. A 438 nm picosecond laser op-
erating at a repetition rate of 20 MHz is used to excite ana-
lyte molecules within the detection probe volume. When a
photon is registered, the time correlated single photon
counting (TCSPC) electronics designate its arrival time
relative to the first excitation pulse. Therefore, each photon
is assigned its arrival time, t1, t2; . . . ; tn. The photons them-
selves are recorded with 28 ps resolution with respect to the
laser pulse. These arrival times are then rebinned to extract
fluorescence lifetime and intensity information. The mo-
lecular fluorescence lifetime is extracted from the mea-
sured fluorescence lifetime by deconvoluting the
instrument response function. In the current studies, a
solution of Auramine-O was used to determine the instru-
ment response function as it has a lifetime of a few pico-
seconds [18]. When extracting fluorescence lifetimes from
experimentally measured decays containing in excess of
2000 photon counts, a least squares (LS) approach is con-
ventionally used [19]. However, when extracting fluores-
cent lifetimes from decays containing between 10 and
2000 counts, alternative mechanisms are needed.
One of the most powerful approaches to this problem is
via the use of the maximum likelihood estimator (MLE)
method [20–22]. With high photon counts, a LS approach
can be used to calculate the fluorescence lifetime as it is
represented by Gaussian statistics (i.e., as the number of
photons increase, the measured lifetime goes from
Poissonian and multinomial statistics and converges to
Gaussian statistics). However, when determining a fluores-
cence lifetime with few photons, an MLE and not an LS
is more appropriate as this is defined by multinomial
statistics.
The MLE (i) is defined by Eq. (1),
 j 
Xk
1
ni log

ni
Npij

: (1)
Here, ni is the number of photon counts in channel i, i is the
summation index, starting at 1, k is the number of channels
(or bins) for each fluorescence decay, and pij is the
probability that a group of photons will fall in channel i
if the particles have a lifetime j [23]. N  k1ni is the total
number of counts for a given decay. In simple terms, the
MLE approach essentially determines the occurrence
probability of a specific lifetime.
Although there have been many attempts to develop
simple and elegant solutions to Eq. (1), Edel et al. [24]
recently demonstrated that for a monoexponential decay,
the MLE convolved with an instrument response function
(IRF) can be given by Eq. (2). This approach relies on
minimizing a function that contains both the fluorescence
decay as well as an IRF contribution. Using this algorithm,
as little as 20 photons can be used to accurately determine a
fluorescence lifetime [24].
 
N
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
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(2)
The IRF contribution to the decay corresponds to rj in
each bin j recorded with a time resolution !. The fluores-
cence lifetime, , can then be determined by solving for the
local minimum. Importantly, there is a compromise be-
tween time resolution and error. For example, fewer re-
corded photons correlate to a lower temporal resolution
(e.g., N  20 correlates to a time resolution of 5 s while
N  500 corresponds to a time resolution of 150 s).
An example of a time-integrated photon scan is shown in
Fig. 2(a). These trajectories were obtained by locating the
detection probe volume at a position 25 m from the
channel bed and 10 m from the channel edge. Each
peak represents an aqueous droplet transiting the 350 nm
wide diffraction limited detection probe volume.
Figure 2(b) illustrates the corresponding fluorescence life-
time temporal variation determined using a customized
maximum likelihood estimator algorithm. Each point rep-
resents an extracted fluorescence lifetime measured with a
maximum of 20 photons. Using our acquisition electronics,
this corresponds to an acquisition time of 5 s per point. In
turn, this corresponds to approximately 600 points per
droplet in the direction of flow. Comparison of Figs. 2(a)
and 2(b) highlights a clear difference in the total number of
data points recorded, with the lifetime data having a time
resolution approximately 2 orders of magnitude higher
than the intensity data. Despite this difference, a close
correspondence is seen in the respective trajectories be-
tween individual droplets.
It is important to note that the recorded fluorescence
intensity is directly proportional to the level of binning. For
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FIG. 2 (color online). An example of plotting a droplet signal
intensity trajectory (a) and the fluorescence lifetime determined
using a customized maximum likelihood estimator algorithm (b)
as a function of time.
PRL 101, 014502 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending4 JULY 2008
014502-2
example, a signal of 100 photons with a bin time of 1 ms
will only have a signal of 10 photons at a bin time of
100 s. This effect not only modifies the signal-to-noise
ratio but also minimizes the possibility of measuring sub-
millisecond traces. A fluorescence lifetime measurement,
on the other hand, is intensity independent. Because of the
reproducibility of fluidic mixing within a formed droplet, it
is possible to maintain high time resolution simply by
averaging lifetime data from multiple droplet-lifetime tra-
jectories. The lifetime trajectory of a single droplet can be
defined by [t1; . . . ; tp], and hence the averaged droplet
trajectory can be defined by
   1
p
Xp
i1
i: (3)
With the algorithms used in the current study, a lower limit
of 20 photons is necessary for an acceptable fit [24].
Indeed, the error at a single point using 20 photons is
44% measured at a 95% confidence interval. Measuring
at the same point within successive droplets brings this
error down by the square of the number of droplets
sampled. For example, measuring the lifetime over 100
droplets (approximately 1 s of acquisition time) brings the
error down to 4.4% while maintaining the same high timing
resolution. Similarly, measurement of the same lifetime
over 10 000 droplets or 100 s reduces the error to 0.44%.
This trend in the reduction of errors is illustrated in
Figs. 3(a)–3(e).
Figure 4 shows an example of an interdroplet trajectory
taken by averaging 600 droplets. When comparing the
lifetime trajectory [Fig. 4(a)] with that of an intensity-
based trajectory binned at 10 s intervals [Fig. 4(b)], sev-
eral interesting observations can be made. First, a peak in
the fluorescence lifetime at approximately 4–5 ms corre-
lates with the fluorescence lifetime of pure FITC. The
decrease in the fluorescence signal is directly related to
the formation of a multicomponent mixture of both FITC
and Rh 110. Consequently, as the overall lifetime de-
creases, a greater degree of Rh 110 is incorporated in the
system. In the intensity-based trajectory, a decrease in
signal indicates a greater FITC concentration. As expected,
the measured intensity is dependent on the concentration,
quantum yield, and absorption cross section of the compo-
nent dyes. Second, at the droplet boundaries, the time-
integrated signal tends towards zero counts. Conversely,
in the time-resolved data, the fluorescence lifetime trajec-
tory tends to 2.9 ns (the fluorescence lifetime of pure Rh
110). This discrepancy highlights the fact that analysis of
only the time-integrated intensity signal will result in an
inaccurate representation of the analytical content within a
droplet.
In order to create a two-dimensional representation of
mixing within the droplets, lifetime measurements were
recorded at different points along the winding microchan-
nel. Fluorescence lifetime data were acquired by precisely
scanning the detection probe volume (positioned 25:0 m
from the channel bed) in one-dimension across the
50:0 m wide channel at 1:0 m intervals. Photons arrival
times were recorded for 20 s at each detection point along
the scan direction. Therefore, at the flow conditions used,
approximately 600 droplets were recorded over this time
period. The fluorescence lifetime trajectories obtained at
50 detection points along the scan direction were then used
to build up the 2D image. Figure 5 presents two-
dimensional images of a droplet passing through the 1st
(a & b), and 3rd (c & d), loop of the winding microchannel.
Droplet images were reconstructed either based on fluo-
rescence lifetime [Figs. 5(a) and 5(c)] or fluorescence
intensity [Figs. 5(b) and 5(d)] data. Because of the lifetime
difference between FITC and Rh 110, intradroplet mixing
patterns can be reconstructed from the FLIM data in a
facile manner. The y axis in Fig. 5 is defined as the width
of the microchannel and width of the microdroplet, while
the x axis is the length of the microdroplet. As can be seen
in Fig. 5(a), the fluorescence lifetime map at the first loop
(13 ms after droplet formation) indicates two emitting
components within the droplet, which are incompletely
FIG. 3 (color online). High resolution lifetime trajectories. The
lifetime data were extracted using (a) 5, (b) 10, (c) 50, (d) 250,
and (e) 600 droplets at a single detection point. These trajectories
show the reproducible mixing pattern within the droplets.
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FIG. 4 (color online). Intradroplet trajectories reconstructed by
averaging fluorescence data from 600 droplets; (a) lifetime
trajectory and (b) intensity-based trajectory binned at 10 s
intervals.
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mixed. The higher fluorescence lifetime of 4:1 ns to-
wards the upper portion of the droplet represents FITC,
whereas the lower lifetime of 2:9 ns (predominantly
towards the lower portion of the droplet) belongs to Rh
110. An intermediate average fluorescence lifetime is
found around the middle of the droplet, expressing partial
mixing of the two dyes. Similarly, the fluorescence inten-
sity pattern inside a droplet [Fig. 5(b)] also depicts incom-
plete mixing between FITC and Rh 110. However, in this
case, mapping is clearly affected by a reduced signal-to-
noise ratio and intensity fluctuations not associated with
the mixing dynamics. Improved mixing is observed in
Figs. 5(c) and 5(d) at the 3rd loop. An average fluorescence
lifetime (between that of pure FITC and Rh 110) of
3:5 ns occurs in most areas of the droplet [Fig. 5(c)].
However, a lifetime of4:0 ns belonging to FITC is found
at the back of the droplet (on the left of the image) rather
than towards the top.
In conclusion, we have shown that fluorescence lifetime
imaging can be used to successfully reconstruct mixing
patterns inside picoliter volume droplets with a temporal
resolution of 5 s; this is several orders of magnitude
lower than what has previously been reported. We expect
that the ability to monitor mixing dynamics with such high
temporal and spatial resolution will prove to be valuable
for facilitating high-throughput, protein-folding studies
and chemical reactions with submicrosecond timing
resolution.
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FIG. 5 (color online). Two-dimensional fluorescence maps of
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and 50 m being the droplet and channel boundary. The X axis
represents the length of the droplet with 47 m being the central
point. The images are built up by obtaining trajectories, as shown
in Fig. 4, at 50 detection points along the width of the channel.
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Analysis of Protein–Protein Interactions by Using Droplet-Based
Microfluidics
Monpichar Srisa-Art,[a] Dong-Ku Kang,[b] Jongin Hong,[a] Hyun Park,[b] Robin J. Leatherbarrow,[a]
Joshua B. Edel,[a, c] Soo-Ik Chang,*[b] and Andrew J. deMello*[a]
One of the primary goals of current proteomics research is to
understand the physiological and metabolic pathways of cells
and thereby establish molecular diagnostic tools that are able
to identify the proteins associated with disease states. More
specifically, protein–protein interactions are critical for many
biological functions. For example, signal mediation between
the exterior and interior of a cell is normally a result of pro-
tein–protein interactions. Such signal transduction plays an ele-
mentary role in many biological processes and in many diseas-
es (such as cancer). Accordingly, the ability to probe protein–
protein interactions in a high-throughput manner is recognised
to be important in developing effective diagnostic techniques,
cultivating disease therapies and discovering new small-mole-
cule drug candidates.
To date, two-dimensional gel electrophoresis and mass spec-
troscopy have been the workhorses of proteomics research.
However, the difficulties associated with the analysis and quan-
titation of low-abundance, high-molecular-weight and hydro-
phobic proteins expressed in cells have hindered attempts at
high-throughput protein analysis. Over the past decade pro-
tein-microarray technology has been developed to address
these limitations. Protein microarrays allow the simultaneous
analysis of thousands of different binding events including
DNA–protein,[1] protein–protein,[2] receptor–ligand,[3,4] enzyme–
substrate[5–7] and protein–drug[8] interactions within a single ex-
periment, and additionally facilitate the evaluation of a large
number of biochemical structures against hundreds of biologi-
cal targets. The main advantage of array-based technologies
over conventional analysis methods is the ability to perform
massively parallel analyses with reduced sample and reagent
volumes. Nevertheless, in array-based systems, capture pro-
teins must be immobilized onto a surface. This can lead to a
heterogeneity in the immobilized protein activity. Additionally,
protein-immobilization strategies might not be perfectly suited
to probing protein–protein interactions under physiological
conditions, since obstruction or deformation of the protein
binding sites through interaction with a solid surface can sig-
nificantly interfere with specific protein–protein interactions.
Furthermore, extended incubation times, repetition of washing
stages and the involvement of blocking proteins have been
shown to compromise the activities of target proteins, the
ACHTUNGTRENNUNGaccurate determination of protein–protein interactions and
analysis times.
Recently, the manipulation of multiphase flows in microflui-
dic systems has been introduced as a fundamental experimen-
tal platform for high-throughput experimentation.[9–13] These
systems enable the generation and manipulation of monodis-
perse bubbles or liquid droplets in an immiscible carrier fluid.
Such encapsulated droplets can be used to mimic artificial
cells or isolated reaction vessels. Indeed, droplet-based micro-
fluidic systems have been applied to a range of chemical and
biological problems including enzymatic assays,[9] protein crys-
tallization,[9] nanomaterial synthesis,[10–13] high-throughput
binding assays,[14] real-time binding kinetics[15] and cell-based
assays.[16,17] Compared to conventional, single-phase microflui-
dic systems, the localization of reagents within discrete and
isolated droplets has been shown to be an extremely effective
way of enhancing the reaction yields for diffusion-limited reac-
tions and eliminating residence time distributions.[9,13] More-
over, the ability to generate controllably droplets with change-
able reagent composition and at rates in excess of 1 kHz
means, in theory, that millions of individual reactions or assays
can be processed in very short times. However, before this
system can become a core instrumental platform in chemistry
and biology, the significant challenge of on-line droplet detec-
tion with high sensitivity and speed must be overcome. In this
communication, we apply FRET measurements in a segment-
ed-flow microfluidic platform to the analysis of protein–protein
interactions.
Angiogenin (ANG), a small polypeptide implicated in angio-
genesis and in tumour growth, has a unique ribonucleolytic
ACHTUNGTRENNUNGactivity and undergoes nuclear translocalization in proliferating
endothelial cells.[18,19] It was selected as a model protein to
confirm the efficacy of our experimental approach. Specifically,
an anti-ANG antibody (anti-ANG Ab) and an ANG antigen were
labelled with fluorophores to act as donor and acceptor, re-
spectively, in the FRET measurements. The acceptor (Alexa
Fluor 647; AF647) was linked with the donor (Alexa Fluor 488;
AF488) by antigen–antibody binding (Figure 1A). FRET can
occur since the fluorescence emission spectrum of AF488 over-
laps with the absorption spectrum of AF647. Figure 1B shows
fluorescence emission spectra of a mixture of anti-ANG Ab-
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AF488 and ANG-AF647. The peak at 519 nm corresponds to
AF488 emission, with the peak at 669 nm corresponding to
emission from AF647. As the concentration of ANG-AF647 in-
creases, the intensity at 519 nm decreases whilst that at
669 nm increases.
Droplet-based binding experiments were performed by
using a polydimethylsiloxane (PDMS) microfluidic device con-
taining three aqueous inlets, one oil inlet and a single outlet. A
schematic of the microfluidic device is shown in Figure 1C.
Here, anti-ANG Ab-AF488 is delivered through the left inlet,
while ANG-AF647 is delivered through the right inlet. A central
buffer stream is introduced through the middle inlet to pre-
vent mixing of the sample streams prior to droplet formation.
This arrangement ensures that binding and subsequent FRET
occur only after the sample has been encapsulated inside a
droplet. Droplets have an average volume of approximately
350 pL and were generated at 20 Hz. A two-colour fluores-
cence-detection system was used to simultaneously record
green and red fluorescence emission from the donor (AF488)
and the acceptor (AF647) moieties, respectively (Figure 1D).
Typical FRET fluorescence burst scans over a time interval of
1 s are presented in Figure 2. Significantly, green (light grey
trace) and red (dark grey trace) signals, corresponding to
AF488 and AF647 emission, respectively, are coincident due to
FRET. Inspection of Figure 2 demonstrates that the red signal
increases as a function of ANG-AF647 concentration; this indi-
cates that more ANG molecules are binding to the anti-ANG
Ab. Conversely, the green droplet signature essentially decreas-
es because of energy transfer. Nevertheless, it must also be re-
alised that the red fluorescence signal is a convolution of fluo-
rescence from FRET and a background contribution due to
direct excitation of the acceptor fluorophore by the excitation
source and detector crosstalk (leakage of donor emission into
the acceptor or red detector). We have previously established
that crosstalk for this particular FRET pair is only 1.2%,[14] and is
thus negligible. Accordingly, for precise determination of fluo-
rescence intensities, photon counts from the acceptor detector
were corrected by using the following relationship [Eq. (1)]:
I0A ¼ IA

IAg 
C 0A
CAg

ð1Þ
Here IA and I
0
A are photon counts from the energy acceptor
(red) detector before and after correction. IAg represents the
photon counts measured by the energy-acceptor detector
when analysing only ANG-AF647 at a concentration of CAg, and
C 0A defines the concentration of ANG-AF647 in each experi-
ment. FRET efficiency (EFRET) is given by ref. [14] [Eq. (2)]:
EFRET ¼
I0A
I0A þ ID
ð2Þ
Here ID defines photon counts originating from the energy
donor (green) detector. EFRET is plotted as a function of the con-
centration of ANG-AF647 in Figure 3A. The EFRET value reflects
binding of ANG to the anti-ANG Ab and follows a saturation
binding model[20] [Eq. (3)]:
Figure 1. A) Schematic of FRET facilitated by protein–protein binding. B) Flu-
ACHTUNGTRENNUNGorescence emission spectra of a mixture of anti-ANG Ab-AF488 and ANG-
AF647. The anti-ANG Ab-AF488 concentration was fixed at 10 nm, whilst the
ANG-AF647 concentration was varied (0, 50 and 200 nm). C) Image of drop-
lets generated within the microfluidic device. D) A schematic of the optical
setup used for fluorescence measurements.
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EFRET ¼ ðEFRETÞmax 
½A
KD þ ½A ð3Þ
Here KD is the dissociation constant, and [A] is the concen-
tration of the ANG-AF647 that remains unbound. If the con-
centration of antibody, [Ab]0, is low relative to [A], then the
total concentration of A can be taken to be the same as the
unbound concentration, and the data in Figure 3A can be
fitted directly to the above model. A nonlinear least-squares fit
of the data yields KD=16.62.5 nm and (EFRET)max=1.200.07.
High-affinity interactions often display the complication of
tight binding kinetics, which occurs when the total concentra-
tion of the binding partner cannot be assumed to be equal to
the unbound concentration. In this case, inspection of Fig-
ure 3A shows that, at [A]=10 nm, close to 50% of the material
is bound. In these experiments, the initial concentration of an-
tibody was 10 nm, and therefore it is necessary to take into ac-
count the concentration of antibody, [Ab]0, by using the tight-
binding Equation (4), that is:
EFRET ¼ ðEFRETÞmax
1ð½Ab0 þ ½A þ KDÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃð½Ab0 þ ½A þ KDÞ24½Ab0½Ap
2 ½Ab0
 ð4Þ
A nonlinear least-squares fit to this equation, for [Ab]0=
10 nm, yields KD=6.41.6 nm and (EFRET)max=1.040.05.
Under the conditions used, the data are well modelled by the
tight-binding equation. Moreover, this model also gives an
(EFRET)max value that is close to the expected maximum of 1.0.
The results from the droplet-based microfluidic device were
compared to values obtained by using more conventional
measurements performed in solution. Bulk fluorescence polari-
zation (FP) measurements were performed on a Beacon 2000
polarization spectrometer (Panvera, Madison, WI, USA). Fig-
ure 3B illustrates the binding of fluorescein-labelled angioge-
nin (ANG-FITC) with anti-ANG Ab by fluorescence polarization
(mP) plotted as a function of the total concentration of anti-
ANG Ab. Data were modelled by using Equation (5):[21]
P ¼ Pmin þ DP
½anti-ANG Ab
KD þ ½anti-ANG Ab ð5Þ
Here P, DP and [anti-ANG Ab] are the measured polarization,
the total change in polarization and the total concentration of
Figure 2. Example fluorescence burst scans recorded over a time period of
1 s with a 50 s bin time. The concentration of the anti-angiogenin antibody
labelled with Alexa Fluor 488 (anti-ANG Ab-AF488; light grey trace) was
fixed at 10 nm, while the concentration of angiogenin labelled with Alexa
Fluor 647 (ANG-AF647; dark grey trace) was varied from A) 0.6 nm to
B) 3.0 nm to C) 6.6 nm.
Figure 3. Binding of angiogenin (ANG) with anti-angiogenin antibody (anti-
ANG Ab) by A) droplet-based microfluidic experiments and B) bulk fluores-
cence polarization measurements (grey line: non-tight binding fit, black
dotted line: tight binding).
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anti-ANG Ab, respectively. A nonlinear least-squares fit of the
data yields KD=9.01.5 nm, Pmin=123.61.3 mP and DP=
74.43.3 mP. These experiments utilized 1.3 nm ANG-FITC,
which is low enough not to deplete the concentration of anti-
ANG Ab significantly. Importantly, it can be seen that the KD
values extracted from the droplet-based binding experiments
are comparable with data generated from the bulk-fluores-
cence polarization measurements, thus confirming that drop-
let-based measurements reach equilibrium prior to the acquisi-
tion of fluorescence data.
The obtained data points in Figure 3B were also fitted to a
Hill equation so as to assess the existence of multiple binding
sites[21] [Eq. (6)]:
P ¼ Pmin þ DP
½anti-ANG Abn
ðKDÞn þ ½anti-ANG Abn ð6Þ
A Hill coefficient (n) of 1.0 indicates a single binding site and
a value significantly different from 1.0 indicates either coopera-
tivity or multiple binding modes. The nonlinear least-squares
fit yields KD=8.72.0 nm, Pmin=123.91.6 mP, DP=73.0
6.7 mP and n=1.040.18, thus showing that the data are con-
sistent with a single class of binding site.
AF488 labelling sites in the anti-ANG Ab were determined
by pepsinolysis or disulfide bond cleavage of the anti-ANG Ab-
AF488. Pepsin was used to digest the Fc portion of whole IgG
to yield FACHTUNGTRENNUNG(ab’)2 fragments.
[20] Figure 4B and C shows SDS-PAGE
images of anti-ANG Ab-AF488 after incubation with a reducing
agent (2-mercaptoethanol) or after digestion with pepsin. The
results suggest that the AF488 labelling sites in the anti-ANG
Ab are in the heavy chain of FACHTUNGTRENNUNG(ab’)2 fragments. The protein-to-
dye ratios for ANG-AF647, anti-ANG Ab-AF488 and ANG-FITC
were also calculated to be 0.35, 2.0 and 0.28, respectively.
The effects of modification of either ANG or anti-ANG Ab by
the fluorescent labels on the biological and enzymatic activi-
ties were examined by nuclear translocation, ribonucleolytic
and Western blot assays. Nuclear translocation of the ANG-
AF647 in human umbilical vein endothelial (HUVE) cells was
observed to be the same as in the native ANG (Figure 5A).
ACHTUNGTRENNUNG ctivity toward poly(C) was determined by measuring the rate
of formation of perchloric acid-soluble products.[22] It was ob-
served that the ribonucleolytic activity of ANG-AF647 is also
comparable to that of native ANG (Figure 5B). Both the native
ANG and ANG-AF647 were specifically recognised by either
anti-ANG Ab-AF488 or native anti-ANG Ab, and the activity of
equal amounts of ANG-AF647 and native ANG toward anti-
ANG Ab-AF488 or the native anti-ANG Ab is essentially the
same (Figure 5C). These results indicate that the modification
of ANG by the fluorophore AF647 does not alter its biological
or enzymatic activity and that the modification of anti-ANG Ab
by the fluorophore AF488 does not alter its binding activity or
its recognition of ANG.
In summary, we have successfully demonstrated FRET-based
analysis of protein–protein interactions in thousands of picoli-
tre-sized droplets. Extracted KD values of ANG and anti-ANG Ab
from the droplet-based microfluidic experiments (KD=6.4
1.6 nm) are shown to agree closely with data obtained from
Figure 4. A) Reduction and digestion scheme for preparing F ACHTUNGTRENNUNG(ab’)2 and
heavy/light chain fragments from IgG antibodies. B) Coomassie staining and
C) fluorescence detection of SDS-PAGE of anti-ANG Ab-AF488 after incuba-
tion with 2.9 mm 2-mercaptoethanol (2-ME) or after digestion with pepsin.
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bulk-fluorescence polarization measurements (KD=9.0
1.5 nm). Importantly, the use of AF488 and AF647 as acceptor
and donor in FRET analysis, does not affect the biological and
enzymatic activity of ANG or the binding activities of anti-ANG
Ab to ANG. This validates the use of labelled ANG and anti-
ANG Ab for monitoring protein–protein interactions in droplet-
based microfluidic systems. We expect that such an experi-
mental platform will have significant applicability in the high-
throughput analysis of protein–protein interactions. Indeed in
vitro compartmentalization within aqueous microdroplets com-
bined with high-sensitivity fluorescence detection has the ca-
pacity to allow the rapid and facile probing of interactions
ACHTUNGTRENNUNGbetween large chemical/peptide libraries and potential targets
under a variety of experimental conditions. Current studies are
exploring the application of this platform technology to the
screening of angiogenin inhibitors, which inhibit interactions
between angiogenin and anti-angiogenin antibodies, together
with large combinatorial peptide libraries.[23]
Experimental Section
Expression and purification of angiogenin (ANG): E. coli strain Ro-
setta (DE3)pLysS, carrying the ANG gene, was used for expression
of angiogenin.[24] Isolated inclusion bodies were dissolved in guani-
dine hydrochloride (GdnHCl; 6m), Tris/HCl (100 mm, pH 8), EDTA
(1 mm), NaCl (100 mm) and reduced DTT (DTTred; 10 mm). Solu-
tions of inclusion bodies were diluted for refolding to 0.2 mg pro-
tein per mL in a Tris/HCl buffer (100 mm, pH 8) containing DTTred
(0.5 mm), GdnHCl (0.3m), EDTA (1 mm), GSSG (0.3 mm) and GSH
(1.5 mm), and were then incubated for 24 h at 4 8C. Once
folding was judged to be complete, the solution was
concentrated by ultrafiltration and then loaded onto a
cation-exchange FPLC column packed with SP-sepharose
Fast Flow (GE Healthcare Life Sciences, USA) and equili-
brated with Tris/HCl (25 mm, pH 8). The collected frac-
tions from the FPLC column were dialysed against water
and lyophilised. The purified ANG was characterized by
various analytical methods, including N-terminal se-
quencing, mass spectrometry, circular dichroism and bio-
assays.
Production and purification of anti-angiogenin anti-
body (anti-ANG Ab): The anti-ANG Ab was purified from
rabbit serum by injecting the rabbit with ANG and wait-
ing for an immune reaction, as previously described.[25]
Fluorescence labelling : The purified ANG and anti-ANG
Ab were labelled with Alexa Fluor 647 (AF647) and Alexa
Fluor 488 (AF488), respectively, by using an Alexa Fluor
488/647 protein-labelling kit (Invitrogen) according to
the manufacturer’s protocol. The Alexa Fluor-conjugated
proteins were purified by using a SephadexTM G-25
column (GE Healthcare). For FP experiments, ANG was la-
belled with fluorescein by using a FluorotagTM FITC con-
jugation kit (Sigma). Protein solutions were assessed for
labelling efficiency by using predetermined extinction
coefficients for the fluorophores at their respective ab-
sorbance maxima and 280 nm, as described in the tech-
nical bulletin (Invitrogen, Sigma).
Pepsinolysis : The anti-ANG Ab-AF488 (5 mg) was incu-
bated with pepsin (4 mL of 1 mgmL1) in sodium acetate
buffer (0.1m, pH 4.0) for 6 h at 37 8C. The reaction was terminated
by adding nondenaturing condition sample buffer (Tris-HCl
(63 mm), glycerol (10%) and Bromophenol blue (0.01%), pH 6.8). F-
ACHTUNGTRENNUNG(ab’)2 fragments from IgG after pepsinolysis were size-separated by
electrophoresis on SDS-poly acrylamide gels (12%) and stained
with Coomassie Blue. The locations of AF488 in IgG were also
ACHTUNGTRENNUNGvisualized by fluorescence.
Nuclear translocation of ANG-AF647 in HUVE cells : Human um-
bilical vein endothelial (HUVE) cells were trypsinized, seeded at 5
103 cells per cm2 on a 1818 mm cover glass placed in six-well cul-
ture plates, and cultured in EGM-2 (Lonza, Basel, Switzerland) for
24 h. After being washed with prewarmed PBS, HUVE cells were
cultured in EBM-2 (Lonza) supplemented with fetal bovine serum
(FBS; 1%) for 12 h. The cells were washed three times with pre-
warmed (37 8C) EBM-2 (Lonza) supplemented with FBS (1%). A
washed cover glass was mounted in a modified chamber posi-
tioned on the platform of a inverted-laser confocal microscope
(TCS SP2 AOBS, Leica). To incubate cells in prewarmed (37 8C) EBM-
2 with AF647 (1 mgmL1) conjugated angiogenin (ANG-AF647), ex-
change of the 0.5 mL chamber volume was achieved with manual
volume replacement by pipetting from the above. After 30 min,
the chamber was washed with prewarmed (37 8C) EBM-2, and then
fluorescence was observed with a confocal-laser scanning micro-
scope (TCS SP2 AOBS).
Enzymatic assay : The ribonucleolytic activities of the native ANG
and ANG-AF647 were determined by measuring the rate of forma-
tion of perchloric acid-soluble products in poly(C) precipitation
assay.[23] Briefly, serial dilutions of ANG or ANG-AF647 were incubat-
ed with poly(C) (60 mL of 2 mgmL1) in HEPES (30 mm, pH 7) for
4 h at 37 8C. The reaction was terminated by chilling the mixture
on ice and adding cold perchloric acid (3.4%, 700 mL). After 10 min
Figure 5. A) Nuclear translocation of ANG-AF647. i) fluorescein fluorescence, ii) transmis-
sion and iii) merged images. B) Ribonucleolytic activities of ANG (&) and ANG-AF647 (*).
C) i : SDS-PAGE of RNase A, ANG and ANG-AF647 and their Western blot analysis by ii :
anti-ANG Ab and iii : anti-ANG Ab-AF488.
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on ice, the samples were separated in a centrifuge at 22000g for
10 min at 4 8C. The supernatant of each sample was measured at
an absorbance of 280 nm. All readings were corrected for the ab-
sorbance of blanks that lacked ANG or ANG-AF647. The assays
were carried out in duplicate.
Western blot analysis : The native ANG and ANG-AF647 were size-
separated by electrophoresis on SDS-poly acrylamide gels (15%)
and transferred electrophoretically to a poly(vinylidene difluoride)
membrane. Nonspecific binding was blocked by PBS containing
skimmed milk (5%) for 3 h at 25 8C. The membrane was immuno-
blotted with the native anti-ANG Ab or anti-ANG Ab-AF488 for
12 h at 4 8C and then exposed to a horseradish peroxidase-conju-
gated secondary antibody (1:2000 dilution in PBS) for 1 h at 25 8C.
Immunoreactive spots were visualized by using an enhanced
chemiluminescence (ECL) detection system.
Droplet-based binding experiments : A polydimethylsiloxane
(PDMS) microfluidic device with three aqueous inlets was used in
the protein FRET experiments that conceptual antigen–antibody in-
teractions are superimposed on. The completed microfluidic device
was placed onto a controllable stage (ProScan IITM, Prior Scientific
Instruments Ltd. , Cambridge, UK) of the microscope. Precision sy-
ringe pumps (PHD 2000, Harvard Apparatus, Edenbridge, UK) were
used to deliver reagent solutions at flow rates ranging from 0.1 to
1.5 mLmin1 using gas-tight syringes (2.5 mL for oil and 1 mL for
aqueous solutions; SGE Analytical Science, SGE Europe Ltd. , Milton
Keynes, UK). Perfluorodecalin/1H,1H,2H,2H-perfluorooctanol (10:1,
v/v) was used as the continuous oil phase for all experiments. All
liquids were filtered by using 0.2 mm syringe filters (Pall Corpora-
tion, East Hills, USA) before use. Two protein solutions and PBS
buffer were introduced separately through the three aqueous
inlets. Accordingly, on-line dilution can be performed by changing
the relative flow rates of three aqueous streams (from 0.1 to
1.1 mLmin1), but keeping the total aqueous flow rate constant to
maintain the droplet size. Fluorescence measurement of droplets
was carried out by using a custom-built confocal laser integrated
with an Olympus IX71 microscope. This confocal setup consists of
a 488 nm diode laser, as an excitation source, and a dual detection
system. The laser beam was aligned into the microscope body by
using beam-steering optic mirrors. The beam was then reflected
by a dichroic mirror (z488rdc, Chroma Technology Corp. , Rocking-
ham, USA) into a 60 water immersion objective (Olympus) and
then tightly focused onto the microfluidic channel. The fluores-
cence was collected by the same objective, spectrally filtered from
the excitation light by using an emission filter (z488Lp, Chroma
Technology Corp.), and then passed through a 75 mm pinhole
(Thorlabs, Ely, UK). The fluorescence signal was further separated
by another dichroic mirror (630dcxr, Chroma Technology Corp.) to
be detected simultaneously by two avalanche photodiode detec-
tors (AQR-141, EG&G, Perkin–Elmer). The reflected light (green fluo-
rescence), filtered by an hq540/80 m emission filter (Chroma Tech-
nology Corp.), was detected by the first (donor) detector. The
transmitted light (red fluorescence), filtered by an hq640Lp emis-
sion filter (Chroma Technology Corp.), was detected by the second
(acceptor) detector. Data were collected from the detectors by
using a multifunction DAQ device for data logging (PCI 6602, Na-
tional Instruments, Newbury, UK), which was controlled by using a
programme written in LabView (National Instruments). Data were
collected over a period of 60 s (or 1200 droplets). Binding data
were generated by using measurements from a series of reactions
in which the concentration of the ANG-AF647 was varied, whilst
keeping the anti-ANG Ab-AF488 concentration constant at 10 nm.
Values of KD were determined through analysis of the binding data
using GraFit (Erithacus Software Ltd. , Horley, UK).
Bulk spectroscopic measurements : Fluorescence-emission spec-
trum measurements were performed on a Luminescence Spec-
trometer (Perkin–Elmer). Anti-ANG Ab-AF488 (10 nm) was titrated
with ANG-AF647 (1–200 nm), and the fluorescence emission (exci-
tation at 488 nm) was monitored. Fluorescence-polarization meas-
urements were performed on a Beacon 2000 polarization spec-
trometer (Panvera, USA). Fluorescein-labelled angiogenin (ANG-
FITC, 1.3 nm) was titrated with anti-ANG Ab (0.01–100 nm), and the
fluorescence polarization was monitored. Values of KD were deter-
mined through analysis of data by using GraFit (Erithacus Soft-
ward).
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A droplet-based microﬂuidic system combined with high-sensitivity
optical detection is used as a tool for high-throughput conﬁnement
and detection of single DNA molecules.
Although droplet-based microﬂuidic systems that utilise ﬂow
instabilities between immiscible ﬂuids have only been developed
in recent years, this nascent technology has attracted huge
interest and been exploited in a diverse range of applications.1,2
As aqueous droplets within segmented microﬂows deﬁne
conﬁned volumes in the femto- or picolitre range, they have
the potential to serve as isolated reaction compartments for
both screening and synthetic purposes. For example, the
compartmentalisation features associated with droplets are
useful in isolating single cells and performing cell-based
assays3,4 and enzymatic reactions.5 Importantly, this concept
can in theory be extended to the encapsulation of other
entities, such as nucleic acids or small molecules at the single
molecule level.
Recently, there has been increased interest in studying
chemical and biological events at the single molecule level to
avoid the often misleading information obtained from averaging
large populations.6,7 Performing single molecule detection
(SMD) using ﬂuorescence spectroscopy is a challenging task
involving the eﬃcient reduction of background noise whilst
maximising the (desired) ﬂuorescence signal. Background
noise typically originates from bulk solvents, impurities and
scattered light, and varies with the detection volume. Accordingly,
minimising sample volume is a direct way of reducing high
background signals.8 Indeed, microdroplets generated using
piezoelectric pipettes have been used to conﬁne single
molecules within a picolitre volume for SMD experiments.9–11
With such a minute volume, SMD using microdroplets has
been successfully achieved with high signal-to-noise ratios. In
addition, aqueous droplets were also used to perform sizing of
single subcellular organelles and particles.12 These droplets
were prepared by vigorously mixing bead/synthetic vesicle
aqueous solution with an oil solution and then transferred
using a pipette onto a glass substrate for single molecule
measurements.
In a similar fashion, droplets generated from immiscible
phases using microﬂuidic platforms also provide conﬁned
containers, which are advantageous to SMD. Whilst oﬀering
restricted reaction compartments, droplet-based microﬂuidic
systems also hold great promise for the analysis of single
molecules in a high-throughput manner (due to generation
rates in excess of 1 kHz). To date, high-throughput SMD
using droplet-based microﬂuidic systems has not been
explored. In the current work, droplet-based microﬂuidics
combined with a sensitive optical detection system have been
used to demonstrate single molecule analysis. The ability to
detect and characterise individual molecules within a discrete
droplet enables the isolation and analysis of molecular events.
Moreover, by means of droplet sorting,13,14 an individual
droplet containing a molecule of interest can be isolated for
subsequent analysis at the single molecule level.
For the single molecule analyses presented herein, detection
and isolation of individual molecules using droplets is the
ultimate goal. Accordingly, the entire droplet must be
monitored to ensure the detection of every molecule. Uniform
illumination of the entire cross-section of a PDMS microﬂuidic
channel is thus required to allow monitoring of all possible
molecular events. In the current experiments, a lens is used to
expand the optical detection volume to 4.4 pl (Fig. 1a), which
is only 45 times smaller than droplet volume of 200 pl. This
expansion allows probing of the entire microﬂuidic channel
cross-section. Additionally, the 50 mm wide PDMS channel is
restricted to 10 mm at the detection area and the entire channel
network depth is reduced to 30 mm to ensure uniform
illumination by the laser beam. Accordingly, when droplets
travelled through the detection area, they squeezed through
the constricted channel (Fig. 1b) and the entire droplet
contents were probed. The ability to monitor the entire
droplet allows for high-throughput isolation and detection at
the single molecule level for use in applications such as
molecular sorting and screening.
In all experiments double-stranded l-DNA B48 kbp in
length was used as the target sample. The DNA was labelled
with YOYO-1 at a ratio of ﬁve base pairs per one dye
molecule.16 The uniform illumination of the entire microﬂuidic
channel cross-section ensures the detection of every encapsulated
DNA molecule within a given droplet. DNA solutions
between 10 fM and 10 pM were prepared in 1 Tris-acetate
EDTA buﬀer at pH 8.0 (containing 40 mM Tris-acetate and
1 mM EDTA). Alexa Fluor 647 (AF647) at a concentration
of 50 nM was added to the DNA solutions. This red dye was
used to mark droplet boundaries.
All data were analysed using programmes written in
MATLAB (Mathworks, UK). At the single molecule level,
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droplet boundaries cannot be observed and only spiked peaks
representing DNA–YOYO-1 molecules transiting the detection
probe volume are obtained in the green channel. Accordingly,
the droplet signature in the red channel is used as a reference
to visualise droplet location in the green channel. Fluorescence
burst scans in the green channel are analysed to deﬁne DNA
molecular events. Using our optical ﬁlter set, crosstalk between
channels is negligible. Every peak above a background threshold
is identiﬁed as a single DNA molecule event, as shown in
Fig. 2a. To correlate signals between the green and red
channels, droplets in the red channel (measuring emission
from AF647) are initially identiﬁed and droplet location
marked using a black-dashed line (Fig. 2b). The droplet
trajectory from the red channel is then correlated with the
ﬂuorescence burst scan in the green channel to assign peaks to
a particular droplet (Fig. 2c).
Fluorescence burst scans of a dilution series of
DNA–YOYO-1 are shown in Fig. 3. As can be seen, the
number of DNA molecules per unit time (and thus per
droplet) increases as a function of DNA concentration. At
the lowest DNA concentration studied (10 fM), single DNA
molecule occupancy was achieved with most droplets being
empty. Importantly, analytical throughput is not signiﬁcantly
impacted by the occurrence of empty droplets due to the fact
that droplets can be produced at frequencies in excess of 1 kHz
and only limited by the acquisition rate. At high DNA
concentrations (1 pM and above), droplet boundaries were
also observed in the green channel due to the large number of
DNA strands per droplet.
It should be noted that the high-throughput SMD experi-
ments in the current work were performed using a ﬂow-based
system. The droplets containing DNAmolecules were monitored
whilst they were moving through the detection area.
The open circles in Fig. 3 are used to highlight the exact
location of a single DNA translocation event. It can be
noticed that, at high concentrations (500 fM and above),
some molecular events are not detected. This is because the
MATLAB code only ‘detects’ peaks having their baselines
level with the background. Since, in this communication we
are only interested in establishing the feasibility of single
molecule occupancy and detection, the analysis routine was
not optimised further to handle high concentrations.
Statistical analysis of the data presented in Fig. 3 can be
used to generate occupancy distributions. Examples of these
are shown in Fig. 4. It should be noted that distributions are
generated using approximately 2500 droplets. It was found
that all distributions exhibit Poisson characteristics. Accordingly,
DNA occupancy can be controlled by varying the concentration
of DNA or changing the volumetric ﬂow rate. For example, at
10 fM, the instantaneous occupation probabilities are 81.0%
for an empty droplet, 17.0% for single occupancy and 2.0%
for double occupancy. The percentage of single occupancy
Fig. 1 (a) Schematic of the optical detection system for single
molecule analysis. (b) Schematic of a microﬂuidic device fabricated
using procedures described in previous work.15 The main channel is
50 mm wide and restricted to 10 mm at the detection window as shown
in the inset. As droplets ‘squeeze’ through the detection window,
the contents are excited by the two lasers. All microﬂuidic channels
are 30 mm deep. The inset shows a droplet squeezing through the
detection window.
Fig. 2 Data analysis of single molecule experiments using droplets.
(a) Data recorded from the green channel; spiked peaks correspond to
single DNA events, but droplet boundaries cannot be observed.
(b) Data recorded from the red channel; droplet signature can be
visualised due to presence of AF647. The black-dashed line represents
droplet localisation determined by MATLAB analysis. (c) Correlated
ﬂuorescence burst scans from the green and red channels. Droplet
boundaries are symbolised as a red-rectangular sign.
Fig. 3 Examples of ﬂuorescence burst scans from samples of diﬀerent
DNA concentration: (a) 10 fM, (b) 100 fM, (c) 500 fM and (d) 1 pM.
Each spiked peak above the threshold corresponds to a single DNA
molecule event. The rectangular-shaped signal, which directly
correlates with the droplet signature from the red channel, is used to
localise droplet boundaries.
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increases to 43.0% with only 21.0% for empty droplets when
increasing DNA concentration to 100 fM. However, multiple
occupancy is also obtained when using high DNA concentrations
(100 fM and above). For the current proof-of-principle
experiments, single occupancy is required, thus using sample
concentrations between 10 fM and 100 fM is preferable to
obtain single molecule occupancy and to minimise the number
of empty droplets. In addition, optimising ﬂow rates to control
droplet size is an alternative route to achieving single molecule
occupancy.
In conclusion, the results obtained from these studies have
raised the hope of exploiting droplet-based microﬂuidics
for high-throughput analysis at the single molecule level.
Encapsulation and detection of single DNA molecules has
been successfully achieved. However, to subsequently facilitate
DNA fragment sizing and puriﬁcation in a high-throughput
manner, some experimental aspects must be reﬁned. These
include uniform illumination of the entire cross-section of a
microﬂuidic channel and reduction of background noise. In
current studies, we are implementing a cylindrical lens
arrangement to replace the plano-convex lens. This lens will
create a uniform sheet-like observation probe volume to
enable the detection of every molecular trajectory.17 Such
uniform illumination will improve the uniformity of height
and area distributions of the ﬂuorescence bursts of the DNA
molecules, which is crucial for DNA fragment sizing applications.
In addition, high background signals are a signiﬁcant issue due
to the absence of a pinhole to block out-of-focus light. With
the implementation of a cylindrical lens, a confocal slit could
be installed to reduce background noise and improve sensitivity.
This rectangular-shape slit is compatible with the sheet-like
probe volume created by a cylindrical lens. Considering
these aspects, droplet-based microﬂuidic approaches open
new possibilities for SMD analysis. Although the work presented
herein is proof-of-principle, it represents a signiﬁcant step
towards high-throughput applications of droplet-based micro-
ﬂuidic technology at the single molecule level.
This work was supported by the RCUK Basic Technology
Programme. M.S.-A. acknowledges the Royal Thai Government
for provision of a research scholarship.
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